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INTRODUCTION

Congressional passage of the Pacific Northwest Electric Power Planning

and Conservation Act (Regional Act)  in 1980 ushered in a new era in natural

resource conservation in the Pacific Northwest, A  s i g n i f i c a n t  f e a t u r e  o f

the Regional Act was that it  established a unique interstate compact,

commonly called the Northwest Power Planning Council (Council). Appointed

by the Governors of  their respective states,  two members from each

northwestern state--Oregon, Washington, Idaho, and Montana--compose the

Council .  The Council  is  charged with developing programs for (1)  regional

power  p lanning ,  (2 )  e lec tr i c i ty  conservat ion ,  and  (3 )  mit igat ing  the

effects of  hydropower development and operation on f ish and wildlife in the

Columbia River Basin.

Whi le  the  respons ib i l i ty  for  power ,  conservat ion ,  and  mit igat ion

program planning lies with the Council , the responsibility for implementing

many of the program measures lies with the Bonneville Power Administration

(BPA) and other federal agencies with hydro or power responsibil ities in

the region: the Corps of Engineers, the Bureau of Reclamation, and the

Federal Energy Regulatory Commission. Under the terms of the Regional Act,

BPA is required to use its funding authorities to support measures

designed, “ t o  p r o t e c t ,  m i t i g a t e , and enhance f ish and wildlife to the

extent affected by the development and operation of  any hydroelectric

pro ject  o f  the  Columbia  River  and i ts  t r ibutar ies”  (Sec .  4(h)(lO)(A)).

Through this mechanism, the  costs  o f  mit igat ing  federa l  hydroe lectr i c

development and operation within the Columbia River Basin are to be borne

by electrical consumers which purchase power from BPA.

In the years since the passage of  the Regional Act,  the BPA, the

Council , and numerous national and regional agencies,  both public and

pr ivate , have mounted an impressive collaborative effort to protect and

enhance the fish and wildlife of  the Columbia River Basin and to mitigate

damages caused by hydroelectric development and operation. Indeed,

estimated BPA costs in this endeavor (including direct expenditures,

foregone power revenues, and repayments to the U.S. treasury on behalf  of

o ther  federa l  agenc ies )  to ta led  about  $375  mi l l i on  for  the  per iod  1983  to

1986. Many of the mitigation measures enacted thus far have proceeded

1



without the benefit  of  much formal analysis, but in most instances informed

judgment has established that such measures are justified.

As the mitigation prescribed by the Regional Act proceeds,  the

incremental costs of  corrective measures to lessen the environmental

impacts  o f  the  hydroe lectr i c  system are  expected  to  increase  and  d i f f i cu l t

quest ions  to  ar ise  about  the  costs , e f f e c t i v e n e s s ,  a n d  j u s t i f i c a t i o n  o f

alternative measures and their systemwide implications.  It was deemed

prudent by the BPA to anticipate this situation by launching a forward-

looking research program aimed at providing methodological tools and data

sui table  for  est imat ing  the  product iv i ty  and cost  impl i cat ions  o f

mit igat ion  a l ternat ives  in  a  t imely  manner  with  s tate -o f - the-art  accuracy .

I n  t h i s  s p i r i t , Resources for the Future (RFF) agreed at the request of  the

BPA to develop a research program which would provide an analytical system

designed to assist the BPA Administrator and other interested and

respons ib le  part ies  in  eva luat ing  the  eco log ica l  and  economic  aspects  o f

alternative protection, enhancement, and mitigation measures.

Historical Background

The  events  leading  up  to  the  f i sh  and  wi ld l i fe  prov is ions  o f  the

Regional Act began in the middle and late 1930s when several large dams and

powerhouses were created on the main stem of the Columbia River, partly for

the purpose of providing employment and other economic stimuli during the

Great Depression. The  f i rs t  major  dam,  Rock  Is land,  a  Publ ic  Ut i l i t ies

District dam, was completed in 1933, and the much larger federal Bonneville

and Grand Coulee Dams in 1938 and 1941, respectively. Toward the end of

this early history of  hydro development on the Columbia River,  it  became

apparent that an agency would be needed to transmit and market the large

amounts of  hydroelectricity that would soon become available.  T o  f u l f i l l

this need, the Congress passed the Bonneville Project Act in 1937 which

created the “temporary” Bonneville Power Administration. Fortui tous ly ,  a

large  market  for  e lec tr i c i ty  deve loped  quickly ,  pr imal - i ly  in  the

electrometallurgical industries that produced aluminum for aircraft

construction during World War II.  After the war electrical demand in the

Pac i f i c  Northwest  grew steadi ly  and fast  unt i l  very recent ly ,  and

hydropower development occurred simultaneously on a very large scale.

2



The system of federal dams in the region came to be known as the

Federal Columbia River Power System (FCRPS). At  present  i t  cons is ts  o f  31

projects with total installed capacity of  19,350 megawatts and over 20

m i l l i o n  a c r e - f e e t  o f  s t o r a g e  c a p a c i t y .  In  addi t ion , there  are  large  publ i c

and private util ity hydroelectric dams and federal and state dams for f lood

c o n t r o l .  The provided map il lustrates the location of  major dams within

the Columbia River Basin (Figure 1).

Though the FCRPS and other hydroelectric projects provide inexpensive

e lectr i c  power  to  the  reg ion , they also interfere with anadromous fish

reproduction and migration. T h i s  h a s  l e d  t o  l a r g e  l o s s e s  i n  p o t e n t i a l  f i s h

production. But there have been other major sources of  such losses,  many

of which historically preceded hydrosystem development. Logging, mining,

agricultural practices and overfishing have hindered anadromous fish

production for many years.  A large ocean fishery, which developed in time

roughly corresponding to the great dam-building era on the Columbia,

continues to harvest a large proportion of  salmon produced in the Columbia

River Basin.

Adding  to  these  factors , a severe drought in the late 1970’s and the

occurrence  o f  unfavorable  ocean condi t ions  reduced  f i sh  runs  to  h is tor i ca l

minimums. While the circumstances leading to the passage of  the Regional

Act stemmed primarily from other sources, the Congress was prompted by

environmental concerns, particularly for anadromous fish, to include the

following language in the Act:

4 . (h ) (5 )  The  Counc i l  shal l  deve lop  a  program on  the  bas is  o f
such recommendations, supporting documents, and views and
information obtained through public comments and participation,
and consultation with the agencies,  tribes,  and customers
referred to in subparagraph (A) of  paragraph (4).  The program
shal l  cons is t  o f  measures  to  protect ,  mit igate ,  and  enhance  f i sh
and wildlife affected by the development,  operation,  and
management of such facilities while assuring the Pacific
Northwest an adequate,  eff icient,  economical,  and reliable power
supply  . Enhancement measures shall be included in the program
to the extent such measures are designed to achieve improved
protection and mitigation.

4.(h)(6) The Council  shall  include in the program measures
which  i t  determines ,  on  the  bas is  set  for th  in  paragraph (5),
wi l l - - (A)  complement  the  ex is t ing  and future  act iv i t ies  o f  the
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Federal and the region’s State f ish and wildlife agencies and
appropriate Indian tribes;  (B) be based on, and supported by,
the  best  avai lab le  sc ient i f i c  knowledge ;  (C)  ut i l i ze ,  where
equally effective means of  achieving the same sound biological
o b j e c t i v e  e x i s t s , the alternative with the minimum economic
cost ;  (D)  be  cons is tent  wi th  the  lega l  r ights  o f  appropr iate
Indian  tr ibes  in  the  reg ion ; and (E) in the case of  anadromous
f i sh- - ( i )  prov ide  for  improved  surv iva l  o f  such  f i sh  at
hydroe lectr i c  fac i l i t ies  located  on  the  Columbia  River  System;
and ( i i )  prov ide  f l ows  o f  su f f i c ient  qual i ty  and  quant i ty
between such facil ities to improve production, migration, and
survival  o f  such  f i sh  as  necessary  to  meet  sound b io log ica l
o b j e c t i v e s .

Having followed the procedures specif ied by the Regional Act,  the

Council  adopted its original Fish and Wildlife Program late in 1982. The

initial Program contained a variety of mitigation measures,  including the

insta l lat ion  o f  bypass  fac i l i t ies  to  guide  migrat ing  young sa lmon around

powerhouse turbines at major dams in the Columbia and Snake Rivers and a

spec ia l  a l locat ion  o f  water  for  f i sh ,  ca l led  the  water  budget .  Federal

pro jec t  o f f i cers  and  regulators  annual ly  prov ide  the  f i sh  and  wi ld l i fe

agenc ies  and  the  t r ibes  wi th  a  to ta l  water  budget  o f  4 .64  mi l l i on  acre - feet

to be used at their discretion between April 15 and June 15 to augment

f lows  normal ly  prov ided  for  o ther  purposes ,  inc luding  hydroe lectr i c

generat ion ,  navigat ion ,  and  f lood  contro l .  These enhanced flows, which aid

the passage of  juvenile f ish downstream, are timed in such a way as to

maximize  the ir  e f fec t .  In dryer years when flows fall  below average, such

as occurred in 1987, providing water budget f lows can result in substantial

losses in revenue to power producers.

The Fish and Wildlife Program was amended in 1984 and again in 1987

and emphasis remains on the area of the Columbia River Basin upstream from

Bonneville Dam. The greatest losses of  f ish runs have been in the upper

Columbia and Snake River areas, whi le  most  o f  the  mit igat ion  pr ior  to  the

Regional Act involved increased hatchery production in the lower basin.

The  Counc i l  has  a lso  in i t iated  a  process  o f  subbasin  p lanning  with  pr ior i ty

given to the areas above Bonneville Dam. However, the Council  recognizes

the need for systemwide integration.  Indeed, one of the more important

features  o f  the  Regional  Act  i s  that  i t  spec i f ies  that  a  systemwide

approach be taken in the planning and implementation of  mitigation efforts.
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In the 1987 Program amendments, the Council  established an interim

objective of  doubling the average annual production of  adult Pacific  salmon

and steelhead trout which they presently estimate to be about 2.5 mill ion

f i s h .  This  to ta l  inc ludes  f i sh  that  are  caught  at  sea  and adult  f i sh

returning to the mouth of the Columbia River. The Council  has not set

goals  or  ob ject ives  for  spec i f i c  s tocks  and subbas ins ;  these  products  are

expected from future planning.

The RFF Research Program

The research program proposed by RFF was intended to be completed in

three phases. Phase I, jointly sponsored by the BPA and RFF, was designed

to identify economic and related research issues to be pursued in later

stages of  the research program. A document reporting on Phase I was

delivered to BPA in mid-1984. The Phase II research was aimed at providing

a comprehensive design of  the research program--including development of

needed methodologies, ident i f i cat ion  o f  data  needs  and  potent ia l  sources ,

and a plan for the program’s execution. The bulk of the actual research

now contemplated is to be conducted in Phase III,  although the research

planning has involved considerable research in its own right.

The work plan for Phase II, agreed to by RFF and BPA, specified the

fo l lowing  tasks :

Task 1: Invest igate  the  feas ib i l i ty  o f ,  and  to  propose  a  p lan  for
development of  a system model which would provide capability to estimate
loss  in  f i sh  product iv i ty  at tr ibutable  to  deve lopment  and  operat ion  o f  the
hydroelectric system and individual hydroelectric projects and would
inc lude  the  hydro log ic ,  eco log ic ,
River system,

and economic components of the Columbia
including using suitable (as determined by the contractor)

components of  existing models.

a ) Assess  the  ut i l i ty  o f  ex is t ing  Columbia  Bas in  and Pac i f i c
Northwest  f i sh  harvest ,  juveni le  migrat ion ,  and habi tat  potent ia l
models for development of  BPA fish and wildlife mitigation
accounting procedure and policy.  Documentation for- the models . . .
wi l l  be  obta ined  by  the  contractor .

b)  Prepare a plan for model development which recognizes the need to
include components in a system model which would allow simulating
t h e  f i s h  p r o d u c t i o n  e f f e c t s  o f :

i ) h i s t o r i c , ex is t ing  and  prospect ive  leve ls  o f  natura l
habi tat  product iv i ty ,
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i i )  alternative harvest management strategies and practice,
and

i i i )  a l ternat ive  protect ion , mit igat ion  s trateg ies  and
p r a c t i c e , and including long-term change in the amount
and locat ion  o f  water  d ivers ions  or  instream f low
regime, for the purpose of  comparing the cost-
e f fec t iveness  o f  such  a l ternat ives .

Task 2: Des ign  a  s tudy  to  assess  a l ternat ive  procedures  for  a l locat ing
r e s p o n s i b i l i t y  f o r  l o s s  i n  f i s h  p r o d u c t i v i t y :

a) to  the  hydroe lec tr i c  purpose  o f  f edera l  hydropro jec ts ,

b )  between federa l  and  non- federa l  hydroe lec tr i c  pro jec ts ,  and

c) to systemwide loss caused by hydroelectric system development and
operat ion ,  but  not  at tr ibutable  to  pro jec t (s )  o f  any  s ing le  owner .

Task 3: Inventory available monitoring and accounting options and evaluate
the ir  su i tabi l i ty  to  the  ob ject ive  o f  formulat ing  a  system for  measur ing
mit igat ion  progress ,  to  inc lude :

a) approaches to monitor changes in production of  smolts and adult
anadromous fish, and

b )  s t u d y  o f  m e t h o d s  t o  s t a t i s t i c a l l y  a d j u s t  r e s u l t s  o f  m o n i t o r i n g  f o r
random variations and other perturbations to f ish production not caused
by  the  hydroe lectr i c  system or  mit igat ion  e f for ts .

The Phase II research planning covered all  aspects of  the work plan

but the emphasis placed on various components evolved as the RFF team

delved into the nature of  the problems to be addressed and as a result of

ensuing developments within the region. S p e c i f i c a l l y ,  the  Counci l ’ s

acceptance  in  1986  o f  an  est imate  o f  the  loss  in  f i sh  product ion

attr ibutable  to  the  hydroe lectr i c  system lessened  the  re lat ive  importance

o f  deve lop ing  analyt i ca l  methods  for  th is  task .  Most  o f  the  e f for t  in

Phase II was expended on Task I which (in abbreviated form) called for

i n v e s t i g a t i o n  o f  t h e  f e a s i b i l i t y  o f , and development of  a plan for,  a

system model including the hydrologic,  ecologic,  and economic components of

the Columbia River system. Where suitable, components of  existing models

were to be included. The primary motivation for developing such a model

(or  set  o f  models )  i s  to  prov ide  an  analyt i ca l  bas is  for  es t imat ing  the

biological and economic implications of  alternative management strategies.



The necessary steps in developing an analytical system for the

Columbia River system follow a natural progression.  T h e  f i r s t  s t e p  i n

developing such a system is understanding the ecological relationships that

are  inherent  within  the  f i sher ies .  One can then begin to build

mathematical models which quantitatively estimate the changes in fish

production that might result from management actions. From there ,  i f

estimates of  the economic costs of  alternative management strategies can be

made, tradeoffs among levels of  f ish production and cost can be examined.

I f  the  system permits  i t , advanced analytical techniques may allow one to

determine which combination of measures will  result in a given level of

f i sh  product ion  at  least  cost .

While this progression from a ecological understanding to cost-

e f fec t iveness  analyses  i s  s tra ight forward  in  concept ,  the  complex i t ies  o f

the Columbia River system make the development of analytical methods far

from s imple  in  pract i ce .  The  Phase  I I  f ina l  report  out l ines  the  technica l

issues involved in developing an analytical system and proposes a program

of  research  to  address  these  i ssues .  The report is presented in the

Summary Report (Volume l), and the present volume which consists of three

technica l  reports :  Part I ,  Modeling the Salmon and Steelhead Fisheries of

the Columbia River Basin; Part  I I ,  Models  for  Cost -Ef fec t iveness  Analys is ;

and Part  I I I , Ocean Fisheries Harvest Management.
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Chapter 1

SYSTEMS ANALYSIS AND THE FISH AND WILDLIFE PROGRAM

INTRODUCTION

The Fish and Wildlife Program adopted by the Northwest Power Planning

Council  represents a most remarkable and ambitious collaborative effort to

p r o t e c t , mit igate , and enhance the anadromous fish populations of the

Columbia River Basin. The regional scope and immense probable cost of  this

e f f o r t  demand that careful consideration be given to program management,

i.e.,, the planning, coordination, and evaluation of  measures called for

within the Fish and Wildlife Program. The analytical tools which are

needed to facil itate program management fall  within the purview of systems

analys is .

In simple terms, systems analysis can be defined as a body of  theory

and analytical techniques which are designed to assist policy makers in

choosing among options. Two of the more useful tools of  systems analysis

are modeling, in which complex systems are represented by abstractions,  and

simulation, a process in which one tries to better understand system

behavior and to anticipate potential future impacts of  management actions

by constructing and experimenting with various computer models. When used

c o r r e c t l y , systems analysis can be a vital component of  the decision-

support system used in natural resource management. The role of  systems

analysis within the framework of the Fish and Wildlife Program is the focus

o f  t h i s  c h a p t e r , which begins with a discussion of  the general use of

modeling to support management and research.

The Use of Models

Modeling and simulation should be an integral part of  program

management. One view of modeling is as an intermediary between natural

resource management and research. Models provide a coherent way of

summarizing information gained from past management experience and

research, and presenting this knowledge in a usable fashion to resource
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managers and researchers. For long-term, reg ional  resource  a l locat ion

problems such as those in the Columbia Basin, it  is important that the

modeling process keep pace with changes in management philosophy and

current understanding of the system. One must understand the dynamic

nature of management and research, and the equally dynamic role that models

must play.

This view of a dynamic relationship between modeling and components of

management and research is depicted in Figure 1.1. Within the system

i l l u s t r a t e d  t h e r e i n , information is exchanged between components. The only

static feature is the management goal.  Goals  invo lve  impl i c i t  va lues  and

they are generally stated in ways that make them inherently non-

quant i f iab le .  For example, a goal might be “to improve the upriver salmon

f i s h e r i e s . ”  Once defined, the management goal is the primary impetus for

management, modeling, and research. The  f ina l  ob jec t ive  i s  to  have  in

place measures which serve the management goal effectively. The components

other  than goal  de f in i t ion  rece ive  inputs  f rom, and have explicit  feedback

loops  assoc iated  with , one or more additional components. The nature of

these components will change with time in response to new or updated

information as it  becomes available.

In  order  for  th is  in format ion  system to  work  most  e f fec t ive ly ,  a l l

information pathways shown in the diagram must exist, and information

transfer must take place in a timely manner. T h i s  i s  e s p e c i a l l y  t r u e  o f

the feedback loops which pass through monitoring and evaluation and through

model corroboration, a systematic process of  comparing model structure and

predictions to actual system behavior.  Premature termination of an

informat ion  loop  can  be  a  inv i tat ion  to  d isaster .  For example, a tempting

shortcut might be to define a management goal,  characterize the system

involved, formulate a model,  run simulations, plan a program of management

measures based on model predictions, and implement the chosen measures.

Such a strategy may suffice for a localized problem in which the system is

reasonably well  understood, but  i t  i s  an  imprudent  s trategy  for  a  large ,

complex system such as the Columbia. It  is  unreasonable to assume that one

w i l l  e n t i r e l y  “get i t  r i g h t  t h e  f i r s t  t i m e . ”  Some measures will work

better than expected, some worse,  and some not at all .  Disappointing o f

negative results from management actions should not be used simply as
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ammunition for sinking an ongoing modeling program. Rather, knowing that a

certain measure performed poorly provides information that should be used

to correct inaccurate models which can then be used for future analyses.

In  a  s imi lar  fashion , a well-directed research program can be of immense

b e n e f i t  t o  t h e

of the models.

management effort by improving the predictive capabilities

In regard to the Columbia River Basin Fish and Wildlife Program, three

areas in which modeling and simulation could play pivotal roles include (1)

program planning, (2) system monitoring, and (3)  developing a research

agenda. Each of  these roles are discussed below.

Program Planning

Program planning  invo lves  ident i fy ing  spec i f i c  ob ject ives  which  are

consistent with management goals, and the measures needed to achieve those

o b j e c t i v e s . In  contrast  to  goals , ob ject ives  are  s tated  such  that  progress

towards an objective can be quantified and measured. For example, an

ob ject ive  might  be “to increase hatchery production of chinook smolts by

60% at  a l l  hatcher ies . ” The use of  systems analysis as a tool  for

ident i fy ing  ob jec t ives  i s  o f ten  over looked . Frequently,  goals and

objectives are defined in a political  arena far removed from those who then

must plan specific measures to achieve each objective.

The unique problems of the Columbia River Basin call  for a departure

from the  convent ional  approach  to  de f in ing  ob ject ives .  Near ly  e ight  years

after the passage of  the Regional Act in 1980 and five years after the

adopt ion  o f  the  in i t ia l  F ish  and Wi ld l i fe  Program in  1983 ,  spec i f i c

ob ject ives  o f  the  Program st i l l  await  c lear  de f in i t ion . At present,  an

interim objective of  the Fish and Wildlife Program has been broadly defined

as doubling the total number (run size) of  adult salmon and steelhead trout

caught in the ocean or returning to the Columbia River. The delay in

def in ing  more  spec i f i c  ob jec t ives  resul ts  f rom the  d i f f i cu l ty  assoc iated

with  de f in ing  a  set  o f  ob ject ives  for  the  bas in  that  concurrent ly  can  meet

f i v e  b a s i c  c r i t e r i a : b i o l o g i c a l  i n t e g r i t y ,  i n t e r n a l  c o n s i s t e n c y ,  e q u i t y

among all  involved parties, consistency with the intent of  the Regional

Act, and economic realism. As former Council member Kai Lee has noted
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(personal communication), trying to achieve a reasonable balance among

these  f ive  cr i ter ia  makes  i t  d i f f i cu l t  to  separate  ob ject ives  f rom the

methods used to achieve them. Perhaps for this reason, the Council  has

chosen to require that the planning groups which define subbasin  objectives

must also prescribe the means for achieving them.

While the details of  developing system and subbasin  plans are deferred

to  the  f i sh  and  wi ld l i fe  agenc ies  and  Indian  tr ibes  (wi th  appropr iate

consul tat ion  with  other  interested  part ies ,  inc luding  BPA) ,  the  Counci l  has

st ipulated  genera l  guide l ines  for  the  p lanning  process .  Two aspects of  the

Council ’s  recommendations are relevant here.  T h e  f i r s t  i s  a  r e c o g n i t i o n

that “system integrat ion  wi l l  be  necessary  to  insure  cons is tency . ”  The

second is an emphasis on adaptive management as a matter of policy

(Northwest Power Planning Council 1987: Section ‘204). Adaptive management

is an approach to reducing uncertainty by viewing management actions as

experiments. Careful monitoring of system responses to the management

actions provides information about the system which can in turn be used for

more efficient management. For a thorough discussion of  adaptive

management of  natural resources,  see Walters (1986).  Lee and Lawrence

(1986) provide a useful discussion of  adaptive management in the context of

the Columbia River Basin.

Adherence to both a system-wide perspective and the principles of

adaptive management necessitates the use of  systems analysis.  Consistent

with a systems approach, the work plan for developing a system plan agreed

to by the Council  and the tribal and state f isheries management agencies

spec i f i ca l ly  inc ludes  the  use  o f  the  Counci l ’ s  ex is t ing  System Planning

Model  as  a  too l  to  explore  a l ternat ive  s trateg ies  for  improving  f i sh  runs .

Some of the deficiencies in the current System Planning Model for this task

are  d iscussed  in  a  later  sect ion .  The work plan for system planning also

ident i f ies  severa l  addi t ional  tasks , such as systems integration and the

examination of  production alternatives, that are problematic without the

use of  models.  Models provide a means of  checking the compatibil ity of  a

proposed set of  measures and of  identifying mitigation alternatives which

m i g h t  b e  c o s t - e f f e c t i v e  o r  e s p e c i a l l y  b e n e f i c i a l .
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System Monitoring

Efficient management of  the renewable natural resources of  the

Columbia River Basin also requires reliable and accurate monitoring and

evaluat ion  o f  program e f fec t iveness .  A primary objective of  a monitoring

system is to maximize the information gleaned from a fixed amount of

monitor ing  e f for t .  A first step in developing a monitoring system is

deciding which measurable components or system attributes should be

monitored. Three questions must be considered: (1 )  which  s tate  var iab les

are l ikely to change in response to management actions,  (2)  can these

changes be measured, and (3) how do these changes relate to overall  program

success? Models  can  ass is t  in  th is  process  by  ident i fy ing  key  var iab les

that  are  indicat ive  o f  system behavior .  Models can also be used to examine

questions of  sampling error and to provide insights as to how a monitoring

scheme might be structured to reduce uncertainty in parameter estimates.

The Council  has taken a major step towards ensuring an effective Fish and

Wildlife Program by establishing a monitoring and evaluation work group.

The importance of  models to this task is accented by the Council ’s  decision

to place responsibility for maintenance of  the System Planning Model with

the monitoring work group.

Developing a Research Program

D e f i n i n g  r e a l i s t i c  o b j e c t i v e s , s e l e c t i n g  e f f e c t i v e  m i t i g a t i o n

measures, and designing an efficient monitoring scheme all  share a common

prerequis i te - -knowledge  o f  the  eco log ica l  processes  at  work  with in  the

basin. To this end, a  systemat ic  research  program is  v i ta l  to  the  success

of the Fish and Wildlife Program. Such a research program properly should

include both basic research and adaptive management actions. Sys terns

analys is  can  ass is t  in  the  deve lopment  o f  a  product ive  research  agenda.  A

major  benef i t  o f  bui ld ing  s imulat ion  models  i s  that  models  require  a  formal

representat ion  o f  the  system under cons iderat ion ;  one  must  be  spec i f i c  in

defining the relationships between and among components.  Major

uncertainties soon become glaringly evident.

I - l - 6



The Focus  o f  th is  Report

I f  models  are  to  be  used  in  the  important  tasks  out l ined  above ,  i t  i s

in  the  best  interest  o f  a l l  part ies  concerned  that  the  invo lved  models

represent  the  best  avai lab le  technolog ies  and  sc ient i f i c  understanding .

This report outlines an approach to modeling the salmon and steelhead

fisheries of  the Columbia River Basin with special  reference to the impact

o f  the  hydroe lectr i c  system.  The term “fishery” is used in the broader

sense  to  re fer  to  the  complex  o f  interact ions  among a  f i sh  populat ion ,  the

people which exploit  them, and the environment (after Everhart and Youngs

1981: 21).

Our task at Resources for the Future has been to consider the problem

of modeling the anadromous fisheries of  the Columbia River Basin,  design a

modeling program which builds upon prior modeling efforts in the region,

and develop recommendations for further research. Bui ld ing  expl i c i t  models

of  the Columbia River f isheries was outside the scope of  this phase of  the

research. Therefore,  the heuristic models which are presented in following

chapters serve only as examples of  the technologies which could be employed

in  a  future  model ing  e f for t .

SPECIAL CHALLENGES IN MODELING THE COLUMBIA RIVER BASIN

In designing models of  the Columbia River Basin fisheries,  three major

concerns must be addressed. The  f i rs t  o f  these  i s  the  s tr ik ingly  complex

eco log ica l  re lat ionships  within  the  system.  Within  a  s ingle  s tock ,  there

is the spatial  and temporal complexity associated with fish that can be

spawned in a small stream in Idaho, migrate hundreds of miles down

tributary streams and the Columbia River to the ocean, and on to the Gulf

of  Alaska--and then make a equally impressive (and hazardous) return

journey  less  than f ive  years  later .  The migratory character of  these fish

provides ample opportunity for anthropogenic harm through hydroelectric

g e n e r a t i o n ,  h a r v e s t ,  i r r i g a t i o n , and environmental degradation. This

complexity raises two challenges for would-be modelers.  T h e  f i r s t  i s

trying to understand the system well  enough to construct a model.  The

second is trying to strike a balance such that the models contain

suf f i c ient  deta i l  to  character ize  the  system but  are  not  so  complex  as  to
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compromise  the ir  ut i l i ty  in  p lanning  and po l i cy  analys is .  Trying to deal

with multiple species and stocks such as exist within the Columbia Basin

further exacerbates the dilemma.

The second major concern, w h i c h  i s  r e l a t e d  t o  t h e  f i r s t ,  i s  t h e

tremendous amount of uncertainty regarding the system. A  long  h is tory  o f

fishery research has produced a large l iterature on the salmonids of  the

Columbia River Basin. I n  s p i t e  o f  t h i s  l i t e r a t u r e ,  i m p o r t a n t  e c o l o g i c a l

processes or relationships remain poorly understood. For  example ,  l i t t le

is known about the major processes affecting survival and growth of

juvenile salmon in the open ocean, a component which may be crucial in

determining  the  re lat ive  success  o f  a  s tock .  Even when processes  are

reasonably well  understood, reliable parameter estimates remain elusive.

For example, there  i s  l i t t le  debate  that  some f i sh  are  k i l l ed  as  they  pass

downstream through turbines, but how many?

The third major concern relates less to what is known about the system

than to what questions might be asked of models. The concern is that

models might be asked to address questions that are divergent in scope.  To

i l l u s t r a t e , two  typica l  quest ions  that  might  ar ise  are :  (1 )  what  i s  the

impact of  the water budget on run size; and (2) how will improving bypass

fac i l i t ies  at  L i t t le  Goose  Dam af fect  smolt  surv iva l  past  the  dam? The

f i rs t  quest ion  i s  c lear ly  broader  in  scope  than the  second and has  system-

wide connotations.  If  separate models were designed to address these

quest ions , the model designed to answer the second question would be

narrower  in  scope  and  have  a  finer leve l  o f  reso lut ion .  The dilemma is

that  i f  on ly  a  s ing le  model  i s  to  be  bui l t , then it  must have the scope to

answer the system-wide question and the resolution to answer the second,

more  s i te -spec i f i c  quest ion .  Such a model would likely be so large and

cumbersome that it  would not be useful to f ishery managers.

In  l ight  o f  the  concerns  ident i f i ed  above ,  bui ld ing  models  o f  the

Columbia River Basin salmon and steelhead fisheries which can contribute to

the  tasks  ident i f ied  in  the  preceding  sect ion  i s  indeed  a  major  chal lenge .

Addressing these concerns up front can enhance the potential  value of

models to both fishery managers and hydropower operators in the basin. But

even  the  best - constructed  models  have  l i t t le  va lue  i f  used  inappropr iate ly .
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Models  a lone  cannot  reso lve  the  d i f f i cu l t ies  and  uncerta int ies  assoc iated

with fisheries management in the Columbia Basin. As Walters (1986: 45)

notes , “the va lue  o f  models  in  f i e lds  l ike  b io logy  has  not  been  to  make

prec ise  predic t ions ,  but  rather  to  prov ide  c lear  car icatures  o f  nature

against which to test and expand experience.” The value of  models in the

Columbia ultimately will depend upon those who use the models.

A PROPOSED MODELING APPROACH

In order to tackle the complex problems posed by the Columbia system,

we propose a hierarchical approach to modeling the biological aspects of

the salmon and steelhead fisheries.  Within  this  h ierarchica l  s tructure ,

models are arranged according to the relative spatial  and temporal extent

of the system simulated by each model (scope).  As  the  scope  progress ive ly

increases , the  leve l  o f  reso lut ion  with in  the  models  decreases .  This

l imits  the  overa l l  s ize  o f  the  models  so  that  they  may f i t  on  a  micro -  or

mini-computer. Separate  models  o f  d is t inct  per iods  in  the  salmonid l i f e

cyc le  ( l i f e  s tanzas )  form the  lowest  leve l  in  the  h ierarchy ,  fo l lowed by

models  o f  the  complete  l i f e  cyc le ,  and  at  the  h ighest  leve l ,  a  system- leve l

model (s )  (F igure  1 .2 ) .  Individual models within each level of  the

hierarchy have the capacity to work independently or in tandem. Each model

is constructed such that outputs from one model can serve as inputs to

other models.  Conceptually, the  components  o f  one  leve l  co l lec t ive ly

encompass the next level in the hierarchy. For example, the  l i f e  s tanzas

co l lec t ive ly  de f ine  the  complete  l i f e  cyc le  o f  a  sa lmon populat ion , while a

co l lec t ion  o f  populat ions  represent  a l l  s tocks  o f  interest  wi th in  a  de f ined

system.

The primary reason for modeling l i fe stanzas separately is to allow

deta i led  representat ion  and  i so lated  analys is  o f  each  l i f e  s tanza .  Us ing

this approach, one can address questions that vary in scope with a model or

arrangement  o f  models  that  operate  at  a  re lat ive ly  f ine  leve l  o f

reso lut ion .  For example, the effect  of  fallback on upstream survival might

be properly examined using a model which simulates only the upstream

migration. If  increasing the number of smolts passing Bonneville Dam is a

key  ob ject ive , one might analyze alternatives using the juvenile production

and downstream migration models with a hydrologic model in a tandem
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arrangement . In both examples, the modular structure provides the

resolution and the scope necessary to examine the questions at hand without

the burden of having to deal with the remainder of  the system during the

analyses.

Many times questions are asked that concern the complete l i fe cycle.

For example, i s  i t  f eas ib le  to  have  a  susta inable ,  natural ly  reproduc ing

population of  spring chinook salmon in the Clearwater River Basin? I t  i s

poss ib le  to  address  such  quest ions  by  l inking  l i f e -s tanza  models  together ,

but such an arrangement is cumbersome. Also, t h e  l e v e l  o f  r e s o l u t i o n

prov ided  by  the  l i f e - s tanza  models  i s  l ike ly  unnecessary  or  inappropr iate

for  populat ion- leve l  analyses .  For  th is  reason ,  l i f e - cyc le  models  are

needed for the next level in the hierarchy which operates at a coarser

l e v e l  o f  r e s o l u t i o n .  The  purpose  o f  a  l i f e - cyc le  model  i s  to  s imulate  the

complete  l i f e  cyc le  o f  a  part i cu lar  sa lmon or  s tee lhead  s tock .  Stock ,  as

used here, r e f e r s  t o  a  p o p u l a t i o n  o f  f i s h  w h i c h  i s  g e n e t i c a l l y ,  s p a t i a l l y ,

or behaviorally distinct from other populations and which shares a common

life history among its members. Whi le  a  p le thora  o f  a l ternat ive

def in i t ions  for  s tock  can  be  found in  the  l i terature  ( see  Howel l  e t  a l .

1985)) th is  character izat ion  i s  use fu l  f rom a  model ing  perspect ive .

In an analogous fashion, there are system-level questions to be

addressed for which l i fe-cycle models are inadequate.  The  intent  o f  the

Regional Act requires a systemwide approach that entails balancing the

biological needs of  many salmon and steelhead stocks with the often

conf l i c t ing  demands  o f  those  harvest ing  the  f i sh ,  and  o f  o ther  users  o f  the

river system. Because of  the temporal and spatial  segregation of  salmon

and steelhead stocks within the basin, certain mitigation measures such as

habitat improvement may be relatively stock-specific.  Other, more

systemwide actions such as the water budget and smolt transportation may

b e n e f i t  a  v a r i e t y  o f  s t o c k s .  Both types of  measures contribute to the

overa l l  goa l  o f  the  Fish  and  uildlife  Program by  increas ing  tota l  run s ize ,

but a mechanism is needed to evaluate the tradeoffs in terms of costs and

equity among systemwide and stock-specific actions. As  an  i l lustrat ion ,

systemwide improvements in downstream passage at first might seem to be

prohib i t ive ly  expens ive .  However, the costs of passage improvements may

compare  favorably  with  the  tota l  costs  o f  a l ternat ive  investments  in
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increas ing  the  juveni le  product ion  o f  upstream stocks  on  a  s tock-by-stock

bas is  to  achieve  s imi lar  resul ts . Special  concern should be given to

actions which may benefit  a certain stock(s)  while being detrimental to

others . For example, increasing hatchery production might lead to

excessive harvest pressure on wild stocks, thereby  prohib i t ing  these  s tocks

from rebuilding. Addressing questions such as these requires a system

model. Such  a  model  does  not  need  the  reso lut ion  o f  the  l i f e - cyc le  or

l i f e - s tanza  models ,  but  i t  does  need  to  fa i th fu l ly  represent  the  bas ic

eco log ica l  re lat ionships  inherent  in  the  system.

CONSTRUCTING A HIERARCHY OF MODELS

Conceptually, construction of a hierarchical modeling system might

proceed along either of  two opposing pathways. One approach is to take an

i n i t i a l , ho l i s t i c  v iew and beg in  at  the  top  o f  the  h ierarchy  with  a  system-

level model. From there, one can progressively divide the system into

identifiable components and attempt to elaborate on the mechanisms within

each component. In this approach, the behavior of the component models is

constrained by, or  at  l east  cons is tent  with ,  model  behavior  at  the  next

higher  leve l  in  the  h ierarchy . An alternative approach to model

construct ion  i s  to  s tart  at  the  bot tom o f  the  h ierarchy  and deve lop

re lat ive ly  deta i led  models  that  are  l imited  in  scope . One can then link a

number of these models together, observe  the ir  j o int  behavior ,  and  create  a

higher-level model which mimics the aggregate behavior,  but lacks the

reso lut ion , of  the more detailed models.

The strategy that is envisioned for developing a hierarchy of  models

for the Columbia River Basin incorporates features of  both of  the above

approaches. Development of a conceptual framework has to begin with a

systemwide perspective and follow an approach in which the system is

progress ive ly  d iv ided . This  i s  necessary  in  order  to  insure  that  a

reasonable structure is developed which can address the systemwide concerns

of the Council and BPA. I t  i s  much eas ier  to  put  a  j igsaw puzz le  together

if  one knows what the final picture should look like. The actual

construction of  the simulation models may well  follow more along the l ines

of the second approach. It might be instructive and even necessary at

times to begin with l i fe-stanza models and use these models to elucidate
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relationships needed in l i fe-cycle and system models. Development of the

l i fe -s tanza  models  i s  cer ta in  to  be  guided  by  h igher - leve l  cons iderat ions .

Clear ly , any model which hopes to be successful must conform to experience.

A primary requirement of model construction is that logical

cons is tency  must  be  mainta ined  across  a l l  l eve ls  o f  the  h ierarchy .  In

other words, the behavior of  a model in any given level should be

compatible with the behavior of  the more detailed models at all  lower

l e v e l s , and also compatible with any models which exist at a higher level.

I f ,  f or  example , analyses performed using the downstream m,igration model (a

life-stanza model)  indicate a curvilinear relationship between downstream

survival  and r iver  f low, th is  curv i l inear  re lat ionship  should  be

incorporated in the l i fe-cycle and system models. I t  would  be  incons is tent

to treat survival as being independent of  f low in the upper-level models

and dependent on f low in the l i fe-stanza models.

Note that the boundaries of  the proposed hierarchy are arbitrary. One

can extend the  h ierarchy  in  one  d irect ion  to  inc lude  further  d iv is ions  o f

the  l i f e  s tanzas  or  in  the  oppos i te  d i rect ion  to  inc lude  other  major  r iver

systems o f  the  North  Pac i f i c . At the present time, the boundaries implied

by  the  three - leve l  h ierarchy  are  l ike ly  suf f i c ient  to  deal  wi th  the  major

issues  fac ing  the  reg ion . However, at some point in the future there may

be  just i f i cat ion  for  extending  the  h ierarchy , say to examine downstream

survival  at  a  part i cular  dam or  reservo ir , or to include the Columbia River

f i sher ies  in  a  larger  analys is  o f  North  American sa lmon f i sher ies  for

purposes  o f  internat ional  f i sher ies  regulat ion . Logica l  cons istency  i s

again the key element to maintain when extending the hierarchy.

RELEVANCE TO THE POWER PLANNING COUNCIL’S MODELING EFFORT

A legitimate concern, expressed by some in the Pacific Northwest,  is

the  compat ib i l i ty  o f  RFF’s model ing  e f for t  wi th  that  d i rected  by  the

Council . From its inception, the effort expended at RFF has been designed

to complement, rather than duplicate, the modeling work completed under the

direct ion  o f  the  Counc i l . Our tactic has been to concentrate on areas

where  ear l ier  e f for ts  were  perce ived  to  be  be ing  weak or  lack ing  (e .g . ,

reservo ir  morta l i ty ,  es tuary  and ear ly  ocean surv ival  and growth) ;  to  p lace
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less emphasis on areas which have received considerable prior attention

(e.g., downstream passage mortality at dams, juvenile production);  and to

build on the modeling efforts of  the Council  and others.

The differences between the models which are proposed in this report

and the current System Planning Model (SPM)  being used by the Council

result principally from the circumstances under which each approach was

developed, and the intended use of the models. The model from which the

SPM was developed was designed in a two-part, f ive-day workshop on adaptive

management and the Columbia River Basin (see Webb et al. 1986). This

workshop served to introduce participants to the concept of  adaptive

management, and for many as an introduction to modeling as well .  The SPM

has proven to be a useful tool  for organizing information and in providing

a  systemat ic  way  o f  hypothes iz ing  the  re lat ive  ro le  o f  fac tors  a f fec t ing

fish production within and among subbasins, depending on the location of

the subbasins. (Northwest Power Planning Council Staff 1986, Monitoring

and Evaluation Group 1988).  As previously noted, a  more  extens ive  ro le  i s

planned for the SPM in ongoing subbasin  and system planning. Given the

expanded role envisioned for this model, i t  i s  i m p o r t a n t  t o  l o o k  c r i t i c a l l y

at  the  current  capabi l i t ies  o f  the  SPM re lat ive  to  the  expectat ions  be ing

r a i s e d  f o r  i t s  u s e .

The System Planning Model

Conceptually, the  SPM is  a  s imple  representat ion  o f  the  salmonid l i f e

cyc le  which  tracks  f i sh  s tocks  ( in  terms o f  numbers  o f  f i sh)  through t ime

and provides an accounting of  the various sources of  mortality and

production. The lone density-dependent relationship in the model is  in the

fry - to -smolt  surv ival  s tage .  For this component, the number of non-

hatchery smolts of  each stock produced increases asymptotically as the

number of fry increases. Survival from the smolt stage through adulthood

i s  s i m p l y  t h e  p r o d u c t  o f  a  m u l t i p l i c a t i v e  s e r i e s  o f  s u r v i v a l  c o e f f i c i e n t s ,

weighted according to passage and harvest parameters specified by the model

user .  The number of  fry produced is a similar weighted, l inear function of

escapement numbers.
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The structure of  the SPM leads to predictable dynamic behavior for

wild stocks comparable to that of  the much simpler population dynamics

model f irst noted by Beverton and Holt (1957).  When survival and

reproduction parameters are held constant in the Beverton and Holt model,

population numbers reach a stable equilibrium size in which the number of

smolts produced and the number of spawners remains constant over time.

Graphically,  the  equi l ibr ium s ize  corresponds  to  the  intersect ion  o f  the

smolt-spawner relationship and a straight l ine with slope equal to the

rec iproca l  o f  the  surv ival  rate  f rom smelt to  adul t .  Management actions or

environmental changes which alter either the smolt-spawner relationship or

smolt - to -adul t  surv iva l  cause  the  equi l ibr ium s ize  to  change  as  the  po int

o f  i n t e r s e c t i o n  s h i f t s .  In the example shown in Figure 1.3,  an increase in

smolt - to -adult  surv ival  resul ts  in  a  new,  larger  equi l ibr ium s ize .

While lacking the succinct nature of  the graphic model of  Beverton and

Holt, the SPM predicts similar results from changes in survival and

reproduction parameters when wild stocks are examined in isolation. Under

constant  condi t ions , simulated population reach a stable equilibrium level

over time. The advantage that the SPM has over the simpler model is that

i t  i s  poss ib le  to  keep  track  o f  the  mult ip le  factors  a f fec t ing  surv iva l  and

reproduction, inc luding  the  e f fec ts  o f  mult ip le  age  c lasses  and

interactions between wild and hatchery stocks.

Limitations of the System Planning Model

In the time since the initial  version of  the SPM was developed,

considerable effort has been spent improving versions of  the computer model

to make the model more accessible to users.  A  p o s i t i v e  r e s u l t  o f  t h i s

e f for t  i s  that  the  model  i s  very  easy  to  use  and  qui te  access ib le .  But in

the process of  making the model easier to use, some of the conceptual f laws

of the original model have become more solidly entrenched. Al terat ions  in

functional relationships within the model, other than parameter changes,

cannot be made without considerable diff iculty.  T h i s  l i m i t s  o n e ’ s  a b i l i t y

to refine and adapt the model as new information becomes available,  or to

evaluate alternative hypotheses concerning system processes.  Since the

internal workings of  the model are not apparent to users or adequately
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Figure 1.3 Graphic Model of  Population Dynamics. Line A represents the
number of smolts produced as a function of the number of
spawners. Lines B and B’ represent the subsequent number of
spawners which result from each level of  smolt production for
two  leve ls  o f  smol t - to -adul t  surv iva l . Following an increase
i n  s u r v i v a l  r a t e  ( B  t o  B’), the  populat ion  wi l l  f o l l ow the  t ime
path traced by the arrows from point E to the new equilibrium
l e v e l ,  p o i n t  E ’ .

I -1 -16



documented, the chances for misapplication of  the model by novice users are

high.

One expects to f ind flaws with any simulation model and it  is

unreasonable to expect the SPM to be perfect.  Many minor problems with the

model can be overcome by creative parameterization. But there are several

fundamental problems which are more troublesome. While these problems

should not affect the value of  the model as an organizational or

educat ional  too l , they  do  l imit  the  ut i l i ty  o f  th is  model  as  a  pr imary

analyt i ca l  dev ice  for  evaluat ing  var ious  protect ion ,  mit igat ion ,  or

enhancement alternatives. Three such limitations are presented by way of

example. The  f i rs t  o f  these  i s  the  re l iance  on  a  s ing le  dens i ty -dependent

relationship as noted above.  In  the  current  conf igurat ion ,  the  ent ire

compensatory capacity of  a naturally-reproducing population is embodied in

the  asymptot ic  f ry - to -smolt  surv ival .  The rather predictable dynamics of

the model are at odds with much of the existing l iterature on salmonid

recruitment. At  the  very  least  one  should  be  ab le  to  postu late  a  dome-

shaped recrui tment  re lat ionship  (e .g . , Ricker 1 9 5 4 )  f o r  c e r t a i n  s t o c k s .

Peterman  (1987) and others have even suggested that the entire class of

single-equilibria models may be inappropriate for some salmon stocks.

The second major limitation of the SPM is the manner in which it

treats downstream passage survival. In the model,  factors determining

survival  through reservo irs  or  past  pr-ejects (wi th  the  except ion  o f  the

proport ion  o f  f i sh  which  are  d iverted  f rom the  turb ine  intakes )  are

independent  o f  b io log ica l  cons iderat ions .  When performing a multiple stock

a n a l y s i s ,  f i s h  s i z e , spec ies ,  s tock  compos i t ion ,  and  t ime o f  migrat ion  do

n o t  a f f e c t  m o r t a l i t y  r a t e s  t h r o u g h  s p i l l ,  t u r b i n e s ,  t r a n s p o r t ,  o r

reservo irs - -a  c lear  v io lat ion  o f  convent ional  wisdom.  Even more disturbing

is  the  method by  which  reservo ir  surv ival  i s  ca lculated .  The reservoir

surv iva l  rate  per  mi le  (R)  i s  expressed  as  a  p iece -wise  l inear  funct ion  o f

f low (Figure  1 .4 ) .  Subsequently, the  tota l  surv ival  rate  through the

reservoir is calculated as R raised to the Lth power, where L is the length-
of  the  reservo ir  in  mi les .  This  resul ts  in  a  most  unl ike ly  re lat ionship

between f low and tota l  surv iva l  through a l l  reservo irs ,  espec ia l ly  for

upriver stocks which commonly migrate 350 miles or more. Figure 1.5

depic ts  the  expected  surv iva l  through 350  mi les  o f  reservo irs  as  a  funct ion
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of  f low,  us ing  the  surv ival  rate  per  mi le  va lues  shown in  Figure  1 .4 .  From

Figure  1 .5 , a 50 thousand cubic foot per second (KCFS) increase in f low,

from 200 to 250 KCFS, results in a 254% increase in reservoir survival,

whi le  an  equivalent  increase  in  f low, from 250 to 300 KCFS, has no impact

on survival .  One can imagine the heated debates that would likely ensue

between fishery managers and power producers over what constitutes the

breakpoint level  i f  water allocation decisions were to be made based on

this model.

A  th ird  l imitat ion  o f  the  current  SPM concerns  i ts  ab i l i ty  to  evaluate

specific management alternatives.  As presently structured, the model does

not provide direct linkages between management actions and model

parameters, nor does it  provide any estimates of  cost associated with such

changes. Thus, before one can evaluate the impact of  a specific  management

a c t i o n , the effect of  such action on model parameters must be assessed.

This suggests that there must be supplemental models to the SPM to provide

the necessary linkage. I f  c o s t  i s  t o  b e  a  p a r t  o f  t h e  a n a l y s i s ,  t h e n  t h e r e

must be ancillary economic cost models as well .  The final outcome of a

comparison will depend as much on these models as on the SPM. But who is

go ing  to  be  respons ib le  for  bui ld ing  the  supplemental  models?  Wi l l  the

Council  staff  or a committee convened by the Council  build such models for

each new proposal that comes up? Or will anyone who makes a proposed

change  in  system or  subbasin  p lans  be  respons ib le  for  prov id ing  a  rat ionale

for  a l ter ing  the  model  parameters  in  a  certa in  way?  I t  seems l ike ly  that

there will  be a great deal of  confusion and debate among interested parties

when the time arises for actually choosing among alternatives.

Differences in the RFF Approach

Our response to the problems raised above is that modeling should

proceed  de l iberate ly , wi th  the  fu l l  range  o f  i ssues  incorporated  into  the

modeling process from the start.  In  contrast  to  the  rather  short  per iod  in

which the SPM was developed, the modeling effort proposed here requires

several  years  to  fu l ly  mature .  The  longer  t ime sca le  i s  imperat ive  for  a

comprehensive and detailed examination of  the factors influencing fish

production, and of  the ecological and social  consequences of  the Fish and

Wildlife Program.
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Most of  the material  presented in this report concerns concepts in

model ing  the  f i sher ies  o f  the  Columbia  that  are  not  expl i c i t ly  addressed  in

the SPM or any other existing model. The  centra l  d is t inguishing  feature  o f

the approach presented here is the expanded scope and improved resolution

of fered  by  a  h ierarchica l  su i te  o f  models  versus  a  s ing le  model .

S p e c i f i c a l l y ,  the approach suggested here differs substantially from (and

supplements) earlier approaches in the following ways:

- The re lat ive ly  f ine  temporal  and  spat ia l  reso lut ion  o f  the  life-

stanza  models  should  a l low a  c loser  inspect ion  o f  potent ia l

management impacts than do most existing models (the FISHPASS  model

being a notable exception).

- By integrat ing  in format ion  f rom lower- leve l  analyses ,  the  system-

leve l  h ierarchica l  model  should  fac i l i tate  bas in-wide  analyses  that

are  not  current ly  poss ib le .

- The proposed  models  inc lude  expl i c i t  representat ion  o f  intrastock

heterogeneity ,  a  key  eco log ica l  property .

Increased  re l iance  on  nonl inear  and  probabi l i s t i c  re lat ionships

within the proposed approach provides a rich exposition of

management-fishery relationships.

- Models are to be developed such that calculation of  costs are made

poss ib le .

The narrowest differences may be between the current SPM and the

proposed  l i f e - cyc le  models .  S ince  both  are  des igned  to  s imulate  the  l i f e

c y c l e  o f  i n d i v i d u a l  s t o c k s , the SPM might be viewed as an excellent

prototype  l i f e - cyc le  model .  One might expect to modify the internal

workings of  the SPM to make it  more compatible with the overall  design, but

many of the desirable features of the SPM would be maintained.
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Chapter 2

OVERVIEW OF MODELS

INTRODUCTION

The purpose of  this chapter is to present an overview of the types of

models needed to compose the hierarchy described in Chapter 1 and the

appl i cat ion  o f  these  models .  Most of  the preliminary ecological modeling

work that has been completed at RFF during this phase of the research

ef for t  has  focused  on  the  l i f e - s tanza  models .  There are two reasons for

this emphasis. F i r s t , i t  i s  wi th in  the  l i fe -s tanza  models  that  causal

links between mitigation measures and biological responses must be

s p e c i f i e d  a t  a  r e l a t i v e l y  f i n e  l e v e l  o f  r e s o l u t i o n .  This  requires  a  c lose

inspection of the biological impacts of  management actions on fish which

goes beyond demonstrating that an empirical relationship exists between

var iables .  Since the conditions under which such a relationship was

produced may change, it  is also important to understand how an empirical

resul t  might  ar ise  as  a  funct ion  o f  phys ica l  and  b io log ica l  processes .

Only by understanding causal relationships can one hope to plan an

efficient Fish and Wildlife Program. The second reason for focusing on the

life-stanza models is a perceived need to examine particular components of

the  l i f e  cyc le  which  have  not  rece ived  the  at tent ion  they  deserve .

Opportunities for enhancing fish production in the Columbia Basin at a

minimal cost or effort may be lost simply because they escape

cons iderat ion .

LIFE-STANZA MODELS

Life-stanza models compose the most bas ic s imu l a t ion un i t s  i n  t h e

proposed hierarchical modeling structure. At  the  lowest  l eve l  in  the

hierarchy, each  model  s imulates  one  o f  f ive  per iods  ident i f i ed  in  the  l i f e

cycle of  anadromous salmonids:  juvenile production, downstream migration,

the estuary and early ocean period,  the late ocean period,  and upstream

migration. The output from each model is consistent with the input

requirements  o f  the  model  o f  the  next  s tage  in  the  l i f e  cyc le ,  which
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fac i l i tates  sequent ia l  t ransfer  o f  in format ion .  Information sharing among

non-adjacent  l i f e  s tanzas  a lso  may be  necessary ,  such  as  a  t ransfer  o f

information between the juvenile-production and estuary-and-early-ocean

models.

One of  the advantages of  having separate models for each l i fe stanza

is that unique model structures for each model can be defined using the

modeling techniques which seem most appropriate. In the example models

provided in subsequent chapters, a broad range of  modeling techniques or

approaches  (e .g . , stochastic compartment models,  difference equations,  and

Monte Carlo simulation) are used among the different l i fe-stanza models.

These differences in model structure reflect the unique conceptual and

physical dimensions which characterize each component. At the same time,

having  d i f ferent  internal  s tructures  does  not  d iminish  the  compat ib i l i ty  o f

model inputs and outputs.

The juvenile-production, downstream-migration, and upstream-migration

models also may util ize input from a hydrological simulation model,  in

addi t ion  to  in format ion  required  f rom other  b io log ica l  models .  One role of

the  hydro log ica l  s imulat ion  model  d iscussed  in  Part  I I  o f  th is  vo lume is  to

generate regulated flow information, at  an  appropr iate  leve l  o f  reso lut ion ,

which might be used by the biological models.  The probable scope of  a

hydrological model includes the Columbia River,  its major tributaries,  and

re levant  hydroe lectr i c  pro jects .

In general, construct ion  o f  l i f e -s tanza  models  requires  a  broad  range

of  in format ion .  The outline in Table 2.1 provides a rough summary of the

information necessary to specify each model and the inputs and outputs that

might be expected. Considering the range of  information necessary to

spec i fy  a l l  parameters  in  the  l i f e  s tanza  models ,  ex is t ing  data  sources  do

not  adequate ly  permit  s tock-spec i f i c  analyses  for  a l l  Co lumbia  s tocks .

Unfortunately,  th is  i s  t rue  regardless  o f  the  leve l  o f  complex i ty  or

resolution of any models which might be constructed for the region. Life-

stanza data of any kind simply is unavailable for many stocks. However,

this should not hinder the construction of useful models.  Our philosophy

in developing the models described herein is that modeling should be guided

by  ob ject ives  rather  than data .  As  wi l l  be  seen  in  later  chapters ,
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Table 2.1 Outline of  Major Features of  Proposed Life-Stanza Models.

I .  Juvenile Production Model

A. Necessary information
fecundi ty  re lat ionships
hatchery  product ion  character is t i cs
natural  product ion  character is t i cs
outplant ing  a l ternat ives
survival parameters
growth equations
smolt i f i cat ion  schedules

B. Inputs
number, sex  rat io ,  age  s tructure ,  and  condi t ion  o f

adults returning to spawning areas

C. outputs
number, size, phys io log ica l  condi t ion ,  and  t iming  o f

outmigrating juveniles

I I .  Downstream Migration Model

A. Necessary information
natural  morta l i ty  rates
r iver  f l ow / migrat ion  rate  re lat ionships
dam passage relationships
transport  po l i c ies  and morta l i ty

B. Inputs
river f low, hydrosystem operations
number, size, phys io log ica l  condi t ion ,  and  t iming  o f

juveniles beginning outmigration

C. outputs
numbers, size, phys io log ica l  condi t ion ,  and  t iming  o f

outmigrants passing each project

I I I .  Estuary and Early Ocean Model

A. Necessary Information
migration parameters
growth parameters
mortality parameters
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Table  2 .1  Cont inued .

I I I .  B .  I n p u t s
environmental conditions
numbers, size, phys io log ica l  condi t ion ,  and  t iming  o f

of smolts reaching the estuary

C. outputs
numbers  and s ize  d is tr ibut ion  o f  f i sh  recrui ted  to

ocean fishery

IV. Late Ocean Model

A. Necessary information
natural  morta l i ty  rates
harvest rates
maturity schedules

B. Inputs
numbers  and s ize  d is tr ibut ion  o f  f i sh  recrui ted  to

ocean f i shery

C. outputs
ocean harvest
number, s e x  r a t i o , age structure, and timing of

adults  returning  to  r iver

V. Upriver Migration Model

A. Necessary information
natural  morta l i ty  rates
harvest rates
dam mortality rates
fallback p r o b a b i l i t i e s
de lay  t ime d is tr ibut ions
energet i c  cost  and  reproduct ive  condi t ion  in format ion

B. Inputs
river f low, hydrosystem operations
number, sex  rat io , age structure, and timing of

adults  returning  to  r iver

C. outputs
inriver harvest
number, s e x  rat io, age structure, and condition of

adults returning to spawning areas
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ins ights  ga ined  f rom s imulat ing  se lected ,  or  even f i c t i t ious ,  s tocks  can  be

valuable in planning a management strategy.

Heterogeneity and Uncertainty

A shared feature among all  of  the example models is an explicit

representat ion  o f  heterogenei ty .  In certain instances,  means for examining

uncerta inty  a lso  i s  incorporated  in  the  models .  Heterogeneity and

uncerta inty  are  important  concepts  in  the  context  o f  eco log ica l  model ing

and the distinction between them should be made clear. I n  t h i s  r e p o r t ,

heterogenei ty  re fers  to  phenotypic  or  behaviora l  var iat ion  with in  a

population which results from a combination of random environmental factors

and genotypic differences among individuals.  In  contrast ,  uncerta inty

denotes a lack of human understanding or knowledge of a process or an event

and i s  assoc iated  with  the  inabi l i ty  to  measure  or  predic t .  For example,

a l l  sa lmon populat ions  exhib i t  “heterogenei ty” or  var iance  in  f i sh  length ,

i . e . , not  a l l  f i sh  are  the  same length .  This  var iat ion  i s  a  populat ion

tra i t  which  can be  descr ibed  us ing  a  s tat is t i ca l  d is tr ibut ion  with  f in i te

parameters. Accurate knowledge of  the length distribution depends upon the

abi l i ty  to  sample  the  populat ion .  I f  on ly  a  port ion  o f  the  populat ion  i s

sampled, there  wi l l  a lways  be  a  leve l  o f  “uncerta inty”  assoc iated  with

est imates  o f  the  length  d is tr ibut ion .  For example, one might wrongly

assume that length follows a specific parametric distribution when an

a l t e r n a t i v e  d i s t r i b u t i o n  i s  c o r r e c t .  Even if  the assumed distributional

form is  correct , the parameter estimates may be inaccurate because of some

bias in the sampling process, or imprecise because of  a small  sample size,

or both. The  d i f ference  between the  t rue  d is tr ibut ion  o f  f i sh  length  and

the  est imated  d is tr ibut ion  i s  never  known- -hence  the  uncerta inty .  A

similar analogy could be made regarding uncertainty in relationships among

var iables .

S ince  l i f e -s tanza  models  s imulate  only  re lat ive ly  short  per iods ,

changes in the environment which occur over the span of many years might

seem to be of minor concern. I n  r e a l i t y , there  are  important  eco log ica l

l inkages between intrapopulation heterogeneity and population responses to

both short-term and long-term enviL-onmental  variation. Intragenerational

genetic variation and subsequent differences among individual responses to
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similar environmental conditions are always present within a population.

In the short term, heterogeneity broadens the spatial  and temporal pattern

of resource use to take advantage of  a variable environment,  thus

d e c r e a s i n g  i n t r a s p e c i f i c  c o m p e t i t i o n  f o r  l i m i t e d  r e s o u r c e s .  I n  t h e  l o n g

term, heterogeneity provides an adaptive mechanism for populations to cope

with subtle,  long-term changes in the environment.

The  pervas ive  nature  and  eco log ica l  s igni f i cance  o f  heterogenei ty  are

reasons  for  inc luding  i t  in  the  model ing  process . Holling (1973) remarked

that  intraspec i f i c  heterogenei ty , which is often excluded from many model

systems, may be a key ecological property which permits real-world species

to  prosper  whi le  the ir  art i f i c ia l  model  counterparts ,  lacking

heterogenei ty , move toward extinction. In the example models,  explicit

representat ion  o f  heterogenei ty  permits  analys is  o f  the  re lat ionship

between intrapopulation variation and environmental f luctuations.  The

parameter values defined for a particular model realization assume certain

environmental conditions. Environmental changes can be incorporated by

exogenously altering parameter values or by defining relationships between

parameter values and environmental variables.

One of  the purposes for building models is to i l luminate information

gaps  and  to  prov ide  a  means  for  expl i c i t ly  inc luding  cons iderat ion  o f

uncerta inty  in  po l i cy  analys is . As mentioned in Chapter 1, the

considerable biological uncertainty surrounding the Columbia system

compounds the problem of f inding an efficient and productive f isheries

management strategy. Within some of the examples provided, the l i fe-stanza

models  have  been  des igned  with  the  f l ex ib i l i ty  to  incorporate  a l ternat ive

hypotheses for unknown or poorly understood relationships. I f  t h i s

approach were to be applied in the Columbia, one could examine the

simulated system behavior using alternative relationships and compare the

suggested implications. I f  there  are  no  s igni f i cant  d i f ferences  in  model

behavior among alternative representations, one could reasonably assume

that  the  most  probable  or  convent ional  hypothes is  i s  suf f i c ient . I n  t h i s

case , spending a large amount of  money and effort trying to resolve the

uncertainty would not be appropriate. Conversely, i f  model behavior (and

by impl icat ion , system behavior as well)  is  found to hinge on a single

re lat ionship , e f for ts  to  reduce  the  uncerta inty  surrounding  th is
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relationship through basic research or adaptive management artions  would he

more  just i f ied .

A similar approach can be used to assess the relative importance of

uncertainty in model parameters.  Once the basic structure of  a model has

been decided upon, sensitivity analysis can determine which parameters are

most influential in determining system behavior and provide some measure of

the model ’s robustness.  One  o f  the  s igns  o f  a  good  model  i s  that  i t  i s

fairly robust to small changes in parameter values.  I f  radica l  changes  in

system behavior result from minor changes in parameter values,  it  is wise

to question the basic model design.

At times one would l ike to know what is the best way to proceed, given

that  severa l  poss ib le  outcomes  are  l ike ly .  A  set  o f  sophis t i cated

techniques developed by decision theorists holds promise for l imited

application in such circumstances, part i cu lar ly  in  evaluat ing  a l ternat ive

juveni le  product ion  s trateg ies .  These  techniques  o f ten  invo lve  c lear ly

defined alternative models and probabilities assigned to the outcomes of

each. Whi le  the  part i cu lars  o f  dec is ion  analys is  are  beyond the  scope  o f

th is  report , Pantell  (1976) and Walters (1986) provide the uninitiated with

useful overviews of these techniques in the context of  resource management.

As Walters (1986: 160) notes, building alternative models and assigning

probabilities to each in an adaptive management context can “stimulate

imaginative thinking about policy options that may be more robust or

informative than the options that would otherwise be evaluated.”

LIFE-CYCLE MODELS

The  purpose  o f  l i f e - cyc le  models , which occupy the intermediate level

in  the  h ierarchy, i s  to  s imulate  the  complete  l i f e  cyc les  o f  sa lmon and

stee lhead  s tocks .  While a general model structure may be plausible,

m o d i f i c a t i o n s  i n  e a c h  l i f e - c y c l e  m o d e l  t o  a c c o u n t  f o r  d i f f e r e n c e s  i n  l i f e

histories and geographic ranges among species and stocks will  be necessary.

The primary reason for having a l i fe-cycle model is so that one may

anticipate changes in population structure and size which may result from

management actions. However, the emphasis in l i fe-cycle model design

should be on the interdependence and interaction among li fe stanzas--in
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contrast  to  the  narrower  focus  o f  the  l i f e -s tanza  models  on  the  causal

relationships between management actions and biology.

The questions to be addressed using l i fe-cycle models are broader in

scope than questions examined using the l i fe-stanza models and generally

require  less  reso lut ion .  Quest ions  such  as  the  ear l ier  example ,  “ i s  i t

feas ib le  to  have  a  susta inable , natural ly -reproduc ing  populat ion  o f  spr ing

chinook in the Clearwater River Basin,” ra ise  i ssues  o f  spawning  habi tat ,

downstream survival,  ocean harvest,  upstream passage, inriver harvest,  and

more. Understanding the proper role of  each of  these issues in the overal

scheme o f  th ings  i s  not  a  t r iv ia l  exerc ise .  Models that deal with

q u e s t i o n s  o f  t h i s  t y p e  n e e d  a  s u f f i c i e n t  l e v e l  o f  s o p h i s t i c a t i o n  t o

successfully mimic system behavior, but they should not be cluttered with

needless detail  which only serves to confuse the model user.  Finding the

proper  ba lance  o f  model  complex i ty  and accuracy  i s  a  d i f f i cu l t  task .

The level of  complexity within l i fe-cycle models can be reduced from

that  o f  the  l i f e -s tanza  models  wi thout  substant ia l ly  los ing  descr ipt ive

capabi l i ty  or  log ica l  cons is tency  in  a  combinat ion  o f  ways .  O n e  t a c t i c  i s

to compress a set of  related parameters or components into a single,

surrogate parameter. For example, egg-to-smolt survival may be decomposed

in  the  juveni le  product ion  model  into  var ious  s tages  (e .g . ,  egg- to - f ry ,

f r y - t o - f i n g e r l i n g , f i n g e r l i n g - t o - s m o l t ) .  Such resolution may be

unnecessary  in  the  l i fe - cyc le  model ,  permit t ing  egg- to -smolt  surv iva l  to  be

calculated using a more limited parameter set.  A more elaborate means of

reduc ing  complex i ty  i s  to  use  the  l i f e -s tanza  models  to  generate  empir i ca l

relationships between variables.  This approach is more appropriate in the

case of  complex or nonlinear relationships between variables.  For example,

analysis of  estuary survival using the estuary-and-early-ocean model may

show a complex relationship between survival and the average length and

t iming  o f  arr iva l  o f  smolts  enter ing  the  estuary .  This relationship might

be described as a response surface for a given set of  environmental

conditions where survival is the dependent variable and mean length and

time of arrival are the independent variables.  Equations which approximate

this response surface could be used within the l i fe-cycle model without

having  to  deta i l  the  var iety  o f  interact ions  which  produce  th is  response .

I - 2 - 8



Since the time frame examined using life-cycle models will  cover more

than a single year, cons iderat ion  o f  interannual  var iat ion  in  the

environment could be instructive.  While including random effects in models

often may seem to serve no other purpose than to generate noise and obscure

system behavior, a judicious use of  random processes could aid in

deve lop ing  a  s trategy  for  eva luat ing  the  e f fec t iveness  o f  mit igat ion

measures. If  random effects were to be used effectively within a model,

they may help indicate the magnitude and nature of a response needed to

separate population responses due to mitigation efforts from responses due

to random environmental events. Peterman and Bradford (1987) provide an

enlightening example of  this approach as applied to the English sole

(Parophyrs vetulus) f ishery off  the west coast of  North America. Their

s imulat ion  resul ts  suggest  that  under  most  condi t ions ,  the  probabi l i ty  o f

correctly determining time trends in recruitment using conventional methods

is extremely low.

In some instances, a model with stochastic parameters might also lead

to management implications that contrast with results from a deterministic

model. For example, a model which includes a deterministic,  monotonically

increasing relationship between the number of adult spawners and subsequent

migrating juveniles might suggest that improving spawning or rearing

h a b i t a t  i s  h i g h l y  c o s t - e f f e c t i v e .  A  s i m i l a r  m o d e l ,  w h i c h  i n c l u d e s

stochast i c  e lements  in  the  spawner-recrui t  re lat ionship ,  might  portray

habitat improvement as having a much lower expected level of success and

suggest that investment in hatcheries or improving downstream migration

would be more prudent.

SYSTEM MODELS

The structure of  a system model should reflect its primary goal of

integrating system components. Having a system model which is

comprehensive enough to permit an overall  perspective precludes a f ine

leve l  o f  reso lut ion  i f  the  model  i s  to  be  o f  manageable  s ize .  Much of what

has been said in the previous section about reducing the level of

reso lut ion  when go ing  f rom a  l i f e - s tanza  model  to  a  l i f e - cyc le  model

logically can be extended to formulating a system model.  Components and
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parameters must be further lumped together and relationships expressed in

simple forms whenever feasible.

It  is possible that the structure of  a system model may be quite

d i f ferent  f rom the  lower - leve l  models . Since a system model will  need to

simultaneously track many stocks in various life stanzas, some type of

matrix or spreadsheet approach may turn out to be the most feasible.  In

such an approach, the number of  individuals within each stock and life

stanza might be organized within a two-dimensional “system matrix”,  with

columns representing stocks and rows representing life stanzas. Each

element in the matrix would represent the number of  individuals in that

spec i f i c  category  dur ing  a  g iven  t ime step . The values within the system

matrix would change in each time step by multiplying the system matrix by a

transi t ion  matr ix . Coef f i c ients  with in  the  trans i t ion  matr ix  could  be  a

function of the system matrix values and exogenously determined parameters

which reflect system-wide constraints such as ocean harvest rates or dam

passage  surv ival  rates . L i fe - cyc le  and  l i f e -s tanza  analyses  could  a id  in

def in ing  the  trans i t ion  matr ix  coe f f i c ients . This type of  model structure

should be amenable to a variety of  commercially available computer

spreadsheet software.
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Chapter 3

JUVENILE PRODUCTION

INTRODUCTION

A centra l  feature  o f  the  Fish  and Wi ld l i fe  Program is  the  e f for t  to

bolster production of  juvenile salmon and steelhead in the Columbia River

Basin, as measured by both the quantity and quality of outmigrants

(smolts ) .  The present natural production of the Columbia system is a small

fraction of  the estimated production in predevelopment times (Northwest

Power Planning Council 1986). P a r t  o f  t h i s  l o s s  c a n  b e  a t t r i b u t e d  d i r e c t l y

to hydrosystem development which inundated spawning and rearing habitat,

increased downstream passage mortality, and blocked passage of  adult f ish

returning to spawn. Other  factors  such as  agr icul ture ,  t imber  harvest ,  and

urban development have also contributed to production losses through

environmental degradation. H i s t o r i c a l l y , the dominant means of mitigating

production losses has been the use of  hatcheries.  P r e s e n t  e f f o r t s  t o

increase production levels include a combination of  both natural and

art i f i c ia l  product ion  methods , inc luding  us ing  hatcher ies  to  produce  f ry

which are then released (outplanted) in natural streams for rearing.

Additional measures which have been implemented or are proposed for the

Columbia  River  Bas in  inc lude  the  construct ion  o f  addi t ional  art i f i c ia l

p r o d u c t i o n  f a c i l i t i e s , water management schemes to provide suitable

instream f lows  for  natural ly  spawning  f i sh ,  and  s tudies  to  a id  in  the

detect ion ,  d iagnos is  and  contro l  o f  f i sh  d iseases  and  paras i tes  ( see

Northwest Power Planning Council 1987: Section 700).

For each enhancement measure that is proposed, the questions arise,

“what impact will  this measure have on juvenile production; will  it  be

e f f e c t i v e ? ”  I n  r e a l i t y , the answers are never known a priori and often-~
remain unknown even after the measure has been implemented. Production

enhancement is fraught with uncertainties and evaluating the success of  a

measure may be problematic,  prohibitively expensive,  or simply not

cons idered  a  pr ior i ty  i tem.  The impact of habitat enhancement on natural

product ion  has  been  espec ia l ly  d i f f i cu l t  to  predic t  and  evaluate .  As

Everest  e t  a l .  (1985 :  113)  note , “ t h e  r i s k  o f  f a i l u r e  t o  a c h i e v e  b i o l o g i c a l
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objectives of  enhancement is high without a thorough pre- and postproject

evaluation. ” Unfortunately, habitat enhancement measures accompanied by

comprehensive research are rare and a thorough evaluation may cost as much

as the enhancement measure alone. While it  may seem easier to obtain a

quant i f iab le  increase  in  product ion  us ing  art i f i c ia l  means ,  hatcher ies  are

not without problems. Outbreaks of  disease, reduced  genet i c  d ivers i ty ,  and

unnatural  rear ing  condi t ions  can  contr ibute  to  poor  surv ivabi l i ty  o f  smolts

fo l lowing  re lease , leading  to  less  than ant i c ipated  product ion  o f  adul ts .

Outplanting, which  combines  features  o f  both  art i f i c ia l  and  natural

production, has its own peculiar set of  problems that have not been fully

e luc idated .  Most knowledgeable authors advise extreme caution when

proceeding with outplanting (see Nickelson et al .  1986; Reisenbichler and

McIntyre 1986; Smith et al .  1985).

The uncertainties associated with juvenile production make it

diff icult to choose the most effective enhancement strategy from among a

set  o f  a l ternat ive  measures .  In an idealized world where unlimited

resources are available to devote to enhancement,  each proposal might be

judged solely on its own merits.  Fo l lowing  a  care fu l  analys is ,  those

measures which demonstrate an expected net positive impact might be

pursued. In the real world where resources are l imited, proposed measures

cannot be considered in isolation but rather they must be examined relative

to  avai lab le  a l ternat ives .  Each alternative is judged based upon

expectations suggested by some type of  model,  where in this case “model”

re fers  to  an  assumed set  o f  quani tat ive  re lat ionships .  These models can be

simple or complex and include varied levels of  uncertainty,  depending upon

the available information and the nature of  the proposed measure.  For

example, the decision to build a hatchery might be based upon a fairly

complex  analys is  o f  the  su i tab i l i ty  o f  severa l  s i tes  to  support  the

hatchery, and the capacity of  the hatchery to address the needs of  the

f ishery .  In  contrast , a  dec is ion  to  prov ide  increased  f l ows  to  a  sec t ion

of river might be based on relatively simplistic assumptions about the

expected increase in available spawning area that will  result from flow

augmentation. The dilemma which confronts fisher-y managers is how to

choose among alternatives when the information driving the decision process

is derived from diverse sources and is of  variable (and perhaps unknown)

r e l i a b i l i t y .
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CONCEPTUAL MODELING OF JUVENILE PRODUCTION

Trying  to  predic t  juveni le  product ion  or  recrui tment  i s  one  o f  the

more enduring and perplexing problems facing fishery managers. There is no

concept  more  bas ic ,  yet  so  poor ly  understood ,  in  f i sher ies  sc ience  than

juveni le  product ion .  The fisheries l iterature abounds with proposed

methods and discussion of  inherent problems in trying to predict salmonid

production. Envirosphere  (1985a,  1985b)  prov ides  a  use fu l  rev iew o f  th is

l i terature  and i ts  appl i cabi l i ty  to  the  Columbia  River  Bas in .  Despite a

large background of research, fishery managers are commonly frustrated in

the ir  at tempts  to  re l iab ly  forecast  the  numbers  (or  b iomass)  o f  young f i sh

that  wi l l  be  produced  or  recrui ted  to  a  f i shery .

An examination of  juvenile production from basic principles reveals a

complex, multi-dimensional phenomenon. Ignoring for the moment the

complexities involved in realizing a given spawning escapement (subsequent

c h a p t e r s  w i l l  r e t u r n  t o  t h i s  t o p i c ) ,  t h e  e s s e n c e  o f  t h e  salmonid

recrui tment  problem is  est imat ing  the  leve l  o f  juveni le  product ion  that  can

be expected from a given number of  spawning adults.  The process by which

spawners give rise to smolts can be represented conceptually as a

m u l t i p l i c a t i v e  s e r i e s  o f  c o e f f i c i e n t s  w h i c h  r e f l e c t  b i o l o g i c a l  t r a n s i t i o n s :

R = S-f .f .f as .s
1 2 3 1 2”3’ ( 3 - l )

where

R = number of  smolts produced,

S = spawning escapement,

fI = mean number of females per spawning adult,

f2 = mean number of redds per female,

f3 = mean number of eggs per redd,

S 1=
egg to  f ry  survival ,

s2 = f ry  to  parr  survival ,

S 3 = p a r r  t o  s m o l t  s u r v i v a l .

The  s teps  which  re f lec t  egg- to -smolt  surv iva l  (sl,s2,s3) are  de f ined

arbi trar i ly  and could  be  d iv ided  further -  to  inc lude  shorter  cr i t i ca l

periods such as summer and winter survival of  Parr. As defined above,
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Equat ion  3 .1  only  appl ies  to  natura l  product ion ;  the  coe f f i c ients  could  be

redef ined  to  represent  art i f i c ia l  product ion  as  wel l .

Two character is t i cs  o f  the  coe f f i c ients  in  Equat ion  3 .1  are  important .

F i r s t , all  coefficients are influenced by the environment and thus are

certa in  to  vary  f rom year  to  year .  Second, the  coe f f i c ients  may not  be

independent of  each other.  In the case of density-dependent mechanisms,

the  va lue  o f  each  coe f f i c ient  wi l l  depend on  the  va lues  o f  the  preced ing

c o e f f i c i e n t s .  Letting Em be a surrogate index of  environmental conditions

under which the spawning stock reaches maturity,  Es reflect environmental

conditions in spawning areas,  and E
r re f lec t  environmental  condi t ions  in

rearing areas, the relationships among coefficients and the environment for

a  part i cu lar  s tock  can  be  expressed  in  a  re lat ional  matr ix .  An X within

the matrix indicates that the coefficients noted by the row headings are

funct ions  o f  the  ent i t ies  noted  in  the  co lumn headings .  A  vert i ca l  dot ted

l ine  d iv ides  environmental  factors  f rom populat ion-dens i ty  factors .  The

matr ix  be low i l lustrates  th is  approach  for  natural  product ion . :

Em Es Er ’ fl f2 f3 s1 s2

fl x .

f2 x X . X X
.

f3 x
X . X

.

s1 X . X X X X

s2 X x * x X X X X

s3 x - x X X X X X

For example, the average number of  redds per female (f2) is

interpreted as being a function of  pre-spawning environmental conditions

(Em)  which influence the spawning capacity of  individual females,  the

number of spawning females (S*fl), and the usable

Simi lar ly , Parr-to-smolt  s u r v i v a l  (f3) i s  a  f u n c t

(S*fl*f2*f3*s1*s2)  and rearing environment (E,).

controlling parr abundance are in turn a function

smolt  surv ival  i s  indirect ly  a  funct ion  o f  matura

environment as well.
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Even within this simple abstraction there is considerable

interdependence among factors determining the level of  natural production.

The dimensionality of  the problem is obscured to some extent by the use of

the environmental indexes,  Em, E
S’ and E r’ Each of  these indexes

r e p r e s e n t s  t h e  d i s t i l l a t i o n  o f  i n t e r r e l a t e d , multi-dimensional components.

For example, an index of rearing environment must include the physical

dimensions of  substrate and water quality and quantity in addition to

b i o l o g i c a l  f a c t o r s  s u c h  a s  i n t e r s p e c i f i c  i n t e r a c t i o n s . Thus, an expanded

re lat ional  matr ix  which  inc luded  a l l  o f  the  phys ica l  and  b io log ica l  factors

which play a role in natural production would be considerably more complex

than the one above.

I f  one  further  expands  the  re lat ional  matr ix  to  a lso  inc lude

al ternat ive  modes  o f  produc ing  smolts  within  the  bas in  (e .g . ,  hatcher ies ,

outplanting) and the interactions that can occur among production methods,

the matrix becomes excessively large and hopelessly complex. A l s o ,  a s

art i f i c ia l  means  o f  product ion  are  introduced  into  a  system,  quest ions  o f

r e l a t i v e  s u r v i v a b i l i t y ,  g e n e t i c  d i v e r s i t y , and incidence of  disease become

more prominent. I t  i s  no  longer  suf f i c ient  to  cons ider  only  the  quant i ty

of smolts produced--the quality of  the f ish must also be addressed.

Fish quality is a nebulous concept that deserves further comment since

i t  has  impl i cat ions  in  l i f e  s tanzas  beyond juveni le  product ion . Fishery

managers  and  b io log is ts  seem to  have  a  var iety  o f  de f in i t ions  for  “qual i ty”

but  bas ic  to  each  o f  these  i s  the  concept  that  a l l  f i sh  are  not  the  same

(see  McIntyre  1987 ,  Warren  1987 ,  and  others  in  Bouck (ed . )  1987) .  In

s imple  terms,  h igh-qual i ty  f i sh  are “bet ter”  or  more  des irable  than low-

q u a l i t y  f i s h . Quality is a term that may be applied to individual f ish or

to populations. When re ferr ing  to  indiv idual  smolts ,  qual i ty  general ly

re fers  to  some measure  o f  the  potent ia l  o f  each  f i sh  to  survive  to

adulthood. An index  o f  qual i ty  might  a lso  be  appl ied  to  adul t  f i sh  to

i n d i c a t e  r e l a t i v e  f e c u n d i t y  o r  f i t n e s s . A l t e r n a t i v e  d e f i n i t i o n s  o f  q u a l i t y

which apply to populations might include components of  genetic diversity--a

feature  which  improves  the  re lat ive  f i tness  o f  an  ent i re  s tock  in  the  face

of a variable environment. Regardless  o f  the  de f in i t ion  chosen ,

incorporat ing  f i sh  qual i ty  into  a  model ing  fl-amework  requires  a  prec ise

def in i t ion  o f  qual i ty  in  quant i f iab le  terms.
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QUANITATIVE MODELING OF PRODUCTION

While  i t  i s  comparat ive ly  easy  to  construct  a  re lat ional  matr ix  such

as the one above, there are a host of  problems associated with translating

such a matrix into precise,  quantitative models. Two fundamental steps in

building production models are (1) deriving meaningful measures or indexes

which accurately characterize the environment, and (2) deciding the

re lat ive  importance  o f  populat ion-dens i ty  factors  re lat ive  to  environmental

f a c t o r s ,  i . e . , how sensitive are density-dependent relationships to changes

in the environment. Neither of the two most common types of juvenile

production models, “habitat-based” models and “stock-recruitment” models,

adequately address both of  these problems.

The problem of quantifying the environment is a product of  the

mult id imensional i ty  a l luded  to  ear l ier . Biological organisms are

wonder fu l ly  intr i cate  integrators  o f  the ir  environment . The  phys ica l  s tate

of a l iving organism is a function not only of  the present environment in

which  i t  ex is ts ,  but  a lso  o f  a l l  past  environments  that  i t  has  exper ienced .

Thus an ideal index of rearing environment,  for example,  would include

components of  the spatial  and temporal heterogeneity of  the mosaic

conditions experienced by young fish.

Attempts  to  deve lop  such  indexes  or  to  se lec t  ind icator  var iab les

which can explain significant amounts of  variation in smolt production have

been made within the habitat-based production models. These models are

designed to estimate the potential  production of  an area,  under the

assumption that juvenile production is l imited by the quantity and quality

of the habitat rather than the number of  available spawners. Much of the

criticism surrounding these models involves this assumption, the extensive

amounts of  data that are required (for the more sophisticated analyses),

and the site-specif ic  nature of  the models (see Envirosphere 1985a). The

fa i lure  o f  these  models  to  address  interspec i f i c  interact ions  may a lso  lead

to  d isappoint ing  resul ts  (L i  e t  a l .  1983) .

In contrast to the habitat-based models, stock-recruitment models have

been developed which estimate recruitment as a curvilinear function of
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parental  s tock  s ize .  The most common of these models are those introduced

by Ricker (1954) and Beverton and Holt (1957) and the many variations on

these basic models which subsequently have been proposed (see Rothschild

1986). In the stock-recruitment models, survival from the egg stage to age

of recruitment (in this case outmigration) decreases as the number of  eggs

produced increases.  While such models may involve only a small number of

parameters, f i t t ing  o f  model  parameters  genera l ly  requires  re lat ive ly  long

t ime ser ies  o f  data , and the assumption that environmental factors which

affect recruitment have remained constant over time. I n  p r a c t i c e ,  s t o c k -

recrui tment  re lat ionships  are  known for  the ir  notor ious ly  poor  f i t s  to

empirical data due to the large amount of  unexplained variation in

recruitment; yet  these  models  are  wide ly  used  as  heur is t i c  too ls .

APPLICATION OF PRODUCTION MODELS IN THE COLUMBIA RIVER BASIN

The shortcomings of  the habitat-based models and of  the stock-

recruitment models are severe detriments to the singular use of  either

approach throughout the Columbia system. On the one hand, the habitat-

based models are poorly adapted for use in situations where the number of

spawning adults is l imited and one wishes to anticipate increases in

juvenile production which might result from increases in the number of

returning  adults .  S imi lar ly , stock-recruitment models,  which are primarily

designed to estimate harvestable surplus, are not adept at incorporating

changes in the environment. Estimating the effect of  habitat changes on

stock-recruitment parameters in the absence of  a long time series of

“be fore  and  a f ter ”  data  i s  h ighly  speculat ive .

Production models which are needed for the Columbia River Basin need

to have components of  both habitat-based models and stock-recruitment

models. In a region where native stocks are being rebuilt  largely on the

basis of  habitat improvement and improved smolt-to-adult survival,  both

environmental and density-dependent factors must be considered. In

addi t ion ,  the emphasis on using outplanting as a means of supplementing

natural production demands that careful consideration be given to ways of

modeling interactions between wild and hatchery fry.
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Given the mixed assortment of mitigation measures that have been

proposed for tributary streams, the  incons is tenc ies  in  avai lab le  data ,  and

the  d iverse  character  o f  the  tr ibutary  bas ins , it seems unwise to attempt

to develop a general production model that can be applied ubiquitously.  A

more pragmatic approach might be to focus on the tributary basins and try

to develop production models that are peculiar for each basin. Such models

would take advantage of  the best available data for each basin and be

t a i l o r e d  t o  f i t  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  e a c h .  Available management

options within each model would be limited to those measures which are

identif ied beforehand as being appropriate for each basin.  To some extent,

this approach has been followed in the Columbia and it  is  expected that the

planning teams involved in subbasin  planning will  util ize methods which

seem most appropriate for the basins for which they are responsible.

From a system-wide modeling perspective, the major requirement of

subbasin  production models is that they produce comparable outputs.  These

outputs will  feed into other models of  subsequent components of  the system

and thus must meet fairly rigid format requirements. The minimum

information which should be reported for a given escapement level is  the

number of smolts produced for each stock, the timing of the outmigration,

and perhaps qualitative information such as length distribution of smolts

and a  re lat ive  index  o f  hardiness .

For the policy makers, i t  would  be  benef i c ia l  i f  the  product ion  models

which are developed explicitly incorporate elements of  uncertainty as

alluded to in Chapter 2.  There are a variety of  ways to modify or

experiment with deterministic models such that they produce a range of

outputs  with  assoc iated  probabi l i t ies  rather  than s ing le  po int  est imates .

Those familiar with modeling and with an interest in system-wide concepts

need to work closely with the subbasin  planning groups for the mutual

b e n e f i t  o f  a l l .
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Chapter 4

MODELING DOWNSTREAM MIGRATION

INTRODUCTION

Each year mill ions of  young salmon and steelhead trout released from

hatcheries or reared naturally in tributary streams throughout the Columbia

River Basin begin a perilous journey to the Pacific Ocean. Hydroe lectr i c

development of  the Columbia System has replaced the once free-flowing

r ivers  encountered  by  these  f i sh  with  a  ser ies  o f  s low-moving  reservo irs

punctuated by run-of-river dams. The considerable impact of development

and operation of  these dams and upstream storage reservoirs on outmigrating

juveniles (smolts)  is  well  documented (e.g. ,  Bentley and Raymond 1976; Ebel

et al. 1979; Raymond 1968, 1969, 1979; Schoeneman et al. 1961) and has

prompted an extensive program of mitigation measures (see Northwest Power

Planning Council  1987: Section 400).

The most obvious hydrosystem impacts on smolts are those that occur at

the dams and powerhouses. When young fish are swept through turbines,

those that are not killed outright may be stunned or injured, making them

easy  prey  for  predators  or  d isease .  Fortunately, not  a l l  migrat ing  f i sh

must pass through turbines. Some smolts pass through the spillways as

w a t e r  i s  s p i l l e d .  Other migrants,  at dams which are suitably equipped, are

diverted from turbine intakes by mechanical screens and passed through

bypass channels. Diverted fish may be returned to the river immediately

downstream of the dam or collected and placed in trucks or barges and

transported to below Bonneville Dam, thereby avoiding intervening dams.

Less obvious,  but perhaps more insidious than the turbine-related

impacts are the indirect losses caused by the reshaping of river f low which

accompanies hydroelectric development.  The migration of juvenile salmon

from their natal freshwater streams to the Pacific Ocean is a remarkable

natural phenomenon in which timing plays a central role.  The  onset  o f  th is

trans i t ion  beg ins  with  the  the  parr  to  smolt t ransformat ion

(smoltif ication) which is cued by changing photoperiod and temperature.

During this period, the young fish experience physiological changes that
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enable them to adapt to changing osmotic conditions in their environment.

If  water temperatures become too high or i f  smolts are excessively delayed

in  reaching  sa l t  water , the smoltif ication process may be reversed

(Wedemeyer et al. 1980). This  resul ts  in  f i sh  which  are  i l l - condi t ioned

for the marine environment and have a reduced chance of  survival.  The apex

of  the  smolt i f i cat ion  process  for  most  s tocks  i s  set  to  co inc ide  with  the

onset of  peak spring flows, when the Columbia and Snake Rivers are swelled

with runoff from the melting snowpack. H i s t o r i c a l l y , the young salmon and

steelhead have taken advantage of  naturally high flows to catch an easy

r ide  to  the  ocean.  Currently, the huge storage reservoirs scattered

throughout the basin severely l imit streamflow levels as water is stored

for  future  e lectr i ca l  generat ion  and i rr igat ion .  This  reduct ion  in  f low,

combined with reduced momentum and an increase in cross-sectional area of

the river due to the run-of-river dams, p r e c i p i t a t e s  a  d r a s t i c  d e c l i n e  i n

water  ve loc i ty , thereby  s lowing  the  rate  o f  t rave l  o f  outmigrat ing  smolts.

An end result of  hydrosystem development and operation is that smolts

migrating from their headwater streams of origin are now faced with a

passage that takes longer,  is more physically taxing, and includes new new

sources  o f  morta l i ty , as compared to pre-development times. Models are

needed which can help assess hydrosystem impacts and evaluate the relative

effectiveness of  potential management actions such as improvments in

p a s s a g e  f a c i l i t i e s ,  t r a n s p o r t a t i o n , and  prov id ing  increased  f low for  f i sh

(e .g .  the  water  budget ) , measures which are designed to improve survival

through the system.

Models which consider downstream migration of smolts have been

previously developed. Currently, the FISHPASS model developed by the Corps

of Engineers (Tanovan 1985) is the most complex of  the existing models and

is often used by those investigating downstream passage problems in the

Columbia River Basin. The  purpose  o f  FISHPASS i s  to  prov ide  a  deta i led

accounting of the direct losses incurred in downstream passage. While a

fa ir ly  r ig id  s tructure  for  account ing  for  losses  incurred  at  the  dams is

included, t reatment  o f  reservo ir  (poo l )  surv iva l  i s  l ess  emphat ic .  Three

contrast ing  opt ions  for  ca lculat ing  reservo ir  surv ival  are  prov ided .

Reservo ir  surv iva l  can  be  spec i f i ed  as  (1 )  a  constant  va lue ,  independent  o f

streamflow, (2)  a monotonic increasing function of  streamflow based on
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cons iderat ion  o f  t rave l  t ime, or  (3 )  a  be l l - shaped  funct ion  o f  s t reamf low.

The Council’s system planning model (SPM) includes a downstream migration

component which is less sophisticated than FISHPASS but which accounts for

dam-passage losses in a similar fashion. Reservoir mortality in the SPM is

expressed as a function of  streamflow on a per mile basis (see previous

d i s c u s s i o n  p p .  1 - 1 8  t o  l - 2 0 ) .  Both FISHPASS and CSPM include options for

transporting fish around dams. Nei ther  model  expl i c i t ly  incorporates

stochastic processes other than variation in streamflow into the treatment

of downstream passage. In contrast to the numerical “accounting”

approaches,  Rondorf et al .  (1985) proposes a bioenergetic approach to

modeling seaward migration of smolts as a method of integrating cumulative

impacts. Demonstrat ion  o f  the  ut i l i ty  o f  th is  approach  awaits  further

development of  this model.

The variety of  approaches to modeling reservoir survival incorporated

in  ex ist ing  models  h ighl ights  the  uncerta inty  surrounding  th is  i ssue .

There is an immediate need for a sound, theoret i ca l ly  and  empir i ca l ly  based

model of  reservoir passage and survival.  Modeling experiments performed

using FISHPASS and the SPM illustrate the importance of  reservoir survival

to  the  overa l l  success  o f  the  migrat ion .  Continuing to use ad hoc

re lat ionships  that  are  based  pr imari ly  on  intui t ion  to  depic t  reservo ir

passage  i s  unl ike ly  to  suf f i c ient ly  i l luminate  system processes  to  the

point where mitigation measures such as the water budget can be properly

evaluated. Problems stil l  remain l-elated to smolt passage at individual

dams, but the research program currently directed at these problems by the

Corps of  Engineers, BPA, and others seems commensurate with the task. The

same cannot be said for the current research program aimed at reservoir

morta l i ty  and  water  budget  e f fec t iveness  desp i te  recent  e f for ts  d i rec ted  by

the  Counci l  to  establ i sh  a  research  p lan  to  examine  th is  i ssue .  As

discussed in Chapter 8, the  ex is t ing  in format ion  base  does  not  suf f i c ient ly

support the contentions on which current water management practices

(including the water budget and spill )  are based. The problem in the past

has  not  been  that  too  l i t t l e  e f for t  has  been  expended  co l lec t ing  data  ( the

smolt monitoring program of recent years has in fact collected an abundance

of  data) ,  but  rather  that  i t  has  been  seemingly  imposs ib le  to  reconc i le

much of the data with the inherent assumptions of  the analytical framework

used  for  interpretat ion .
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The modeling approach described in the following sections focuses on

the processes involved in reservoir passage. Dam-passage and

transportat ion  i ssues  are  not  addressed  in  th is  report .  The conventional

approaches to modeling these components adopted in both FISHPASS and the

SPM seem to be adequate at this time. This  i s  not  to  suggest  that  e i ther

FISHPASS  or  the  SPM are  to ta l ly  accepted  by  a l l  part ies .  Considerable

disagreement exists on various components of each model. One of the more

debated issues involves the manner in which transportation benefits should

be credited to dams. This  i s  a  pure ly  arb i trary  account ing  dec is ion  which

should  be  made  by  reg ional  po l i cy  makers ;  i t  i s  not  a  technica l  i ssue  in

modeling. By emphasizing the reservoir passage component, the modeling

approach presented here should complement rather than supplant existing

models such as FISHPASS.

CONCEPTUALIZATION AND FORMULATION

The downstream migration of smolts is conceptualized as an

i r r e v e r s i b l e  p a r t i c l e  d i f f u s i o n  p r o c e s s .  Smolts pass from an initial

source through a sequential series of  compartments enroute  downstream, with

some loss  to  morta l i ty  (F igure  4 .1 ) .  The source may be a hatchery that is

r e l e a s i n g  smolts i n t o  t h e  r i v e r , or a tributary stream from which naturally

produced smolts are entering voluntarily.  The  r iver  i s  d iv ided  into

compartments (i .e. , reservo irs  or  reaches )  de l ineated  by  phys ica l

boundaries such as dams or the confluence of a major tributary.  Indiv idual

smolts do  one  o f  three  th ings  with in  a  g iven  t ime interval :  (1 )  remain  in

their present compartment,  (2)  pass to the downstream compartment,  or (3)

a r e  l o s t  v i a  m o r t a l i t y .

The quantities of  interest are the number and timing of individuals

entering each compartment or completing the migration and entering the

estuary. Let Ti be a random variable that measures the time of passage for

a given individual from compartment i  to compartment i+l.  Conditional on

an individual having entered compartment i  at time zero,  the probability
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Figure  4 .1 Three Reservoir System (above) Represented as a Conceptual

Series of Compartments (below).
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that the individual enters compartment i+l at time t is

Prob(Ti = t )  = P r o b ( s u r v i v e  t  t i m e  u n i t s  i n  i )

x  Prob( traverse  i  in  t  t ime units )

or  for  convenience ,

x Prob(survive boundary transition at time t) ,

Prob(Ti = t )  = fi(t)  =  si(t) x  ri(t>  x  di(t). ( 4 - l )

The  condi t ional  probabi l i ty  dens i ty  funct ion , fi(t), i s  r e f e r r e d  t o  a s  t h e

compartment function while the three functions to the right of  the equality

are called component functions. The first two component functions in

Equation 4.1, si(t) a n d  ri(t), r e f l e c t  n a t u r a l  m o r t a l i t y  i n  t h e  r e s e r v o i r

and rate  o f  migrat ion ,  respect ive ly . The last component,  di(t),

encompasses the mortality incurred in transition between compartments,  for

example, that associated with passing through a dam and the gauntlet of

predators concentrated immediately downstream.

The compartment function can adequately describe the probability of  a

smolt  l eav ing  a  reservo ir  on  a  part i cu lar  day  g iven  that  the  f i sh  entered

the reservoir on some arbitrary day zero. In the general case one is more

interested in following a group of individuals which may not enter the

reservoir at the same time. Under these circumstances,  the probability

that  a  randomly  se lec ted  smelt wi l l  l eave  the  reservo ir  at  a  spec i f i ed  t ime

is a convolution of the compartment function with a probability function

associated with the reservoir entrance times. Consider a single

compartment system composed of a single upstream input site,  reservoir,  and

dam. Lett ing  p,(v)  be  the  probabi l i ty  dens i ty  o f  a  randomly  se lec ted

indiv idual  enter ing  the  reservo ir  at  t ime v , T be a random variable that

measures the time of  l ive passage past the dam, and time 0 defined as an

arbi trary  po int  in  t ime pr ior  to  the  f i rs t  entrance  to  the  reservo ir ,  then

st
P r o b ( T  = t )  = pa(v) f ( t - v )  d v . (4-2)

0

Since  smelt migrat ion  i s  unid irect ional  ( i t ’ s  h ighly  improbable  that  a

smolt would migrate upstream past a dam), the sequential multi-compartment

system can be conceptualized as a series of  single compartment systems

l inked  together . The output of an upstream compartment serves as the input

for its adjacent downstream compartment. This suggests that the
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convo lut ion  (4 -2 )  can  be  genera l ized  to

Prob(Ti=  t )  = pi(t) = ,ltP i - l ( v )  fi(t-v)  dv, ( 4 - 3 )

where  pi(t)  i s  the  probabi l i ty  dens i ty  for  l ive  passage  f rom the  i th-
compartment at time t. For the k compartment model,  po(.)  refers to the

system input  funct ion ,  pl(*), p2(*),  .  .  .  ,pk-l(s) are  passage  probabi l i ty

funct ions , and p (a)
k

is the system output function.

The above formulation provides the framework that one can use to build

a model of  a sequential series of  compartments. With minor modifications,

the above relationships can also describe systems with multiple inputs and

outputs for each compartment provided passage is irreversible. Al l  that

are required in either case are prescribed forms for the component

functions and the system input functions. For simple systems, one can

derive information about the system by using analytical approaches which

permit analysis of  the resultant passage probability functions and system

output  funct ion . As the number of compartments and the complexity of the

compartment functions increase, analyt i ca l  so lut ions  become e f fec t ive ly

i n t r a c t a b l e . For these systems, numerical simulation using computers

a l lows  invest igat ion  o f  system behavior .

POSSIBLE FORMS FOR COMPONENT FUNCTIONS

Impl ic i t  or  expl i c i t  in  a l l  ex is t ing  models  o f  smolt  migrat ion  are

prescribed forms for the component functions. As noted, most of  the

ear l ier  e f for ts  and  d iscuss ion  concerning  th is  i ssue  have  focused  on  the

dam mortality component, di(*); l ess  at tent ion  has  been  pa id  to  the

problems o f  spec i fy ing  reservo ir  morta l i ty  funct ions  and trave l  t ime

d i s t r i b u t i o n s . In  the  fo l lowing  d iscuss ion , potentially appropriate forms

to  de f ine  si(*) and  ri(*) are  suggested . Though it  is not necessary to

require component functions in all compartments to share the same form,

d o i n g  s o  c a n  f a c i l i t a t e  a n a l y s i s . Since the present emphasis is on

reservo ir  processes , complexities in dam mortality are ignored in the

fo l lowing  d iscuss ion . I n  t h e  d e r i v a t i o n  o f  a n  a n a l y t i c a l  s o l u t i o n ,  i t  i s

assumed that di(.)  is simply a constant.
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The component function, si(*), represents  the  probabi l i ty  o f  avo id ing

natural  mortal i ty . Natural mortality can be modeled as a Poisson process

if two assumptions are made: (1 )  indiv iduals  are  a lways  at  r i sk  within  a

compartment, and (2) the magnitude of the risk within each compartment is

constant throughout the migration period. A l t e r n a t i v e l y  s t a t e d ,  a l l

indiv iduals  are  subject  to  a  constant , instantaneous  probabi l i ty  o f  dy ing

during the entire time that they remain in each reservoir or river reach.

I f  p = instantaneous  morta l i ty  rate , and X = time spent in compartment

preceding death, then

Prob(X  =  t) =  p.exp(-pt].

S i n c e  si(t> i s  e q u a l  t o  1  - ProbIdied  i n  i n t e r v a l  ( O , t ) ) ,

( 4 - 4 )

st
s$) = 1 -

0
pieXp(-pixl  dx,

= exp{-pit). ( 4 - 5 )

S ince  there  may be  d i f ferent  leve ls  o f  r i sk  assoc iated  with  each

compartment  or  s tock-spec i f i c  d i f ferences  in  surv ivabi l i ty ,  p and  other

parameters presented in this chapter are uniquely defined for each

compartment and stock. Parameter subscripts are omitted to avoid

c lutter ing  the  equat ions .

A  d i f ferent  approach  i s  used  to  se lec t  a  d is tr ibut ion  to  descr ibe

travel  t ime. The process of  traveling through a reservoir can be

conceptualized in a variety of  ways. Each conceptualization may suggest a

d i f ferent  probabi l i ty  dens i ty  funct ion  based  on  theoret i ca l  cons iderat ions .

The  set  o f  potent ia l ly  appropr iate  d is tr ibut ions  inc ludes  the  exponent ia l ,

lognormal, gamma, Weibull, and inverse Gaussian. G i v e n  t h i s  c h o i c e ,  i t

seems reasonable to choose the simplest form that is consistent with

empir i ca l  data  and  prov ides  f l ex ib i l i ty  in  regard  to  both  shape  and sca le .

A  re lat ive ly  pars imonious  d is tr ibut ion  which  meets  these  cr i ter ia  i s  the

three parameter gamma distribution. Using this form,

ri( t) = [ r( a)]-1Xa(t-9)a-1exp(-X(  t--e)) t>e, (4-6)

where a, X, and  0 uniquely  de f ine  the  shape ,  sca le ,  and  locat ion ,

r e s p e c t i v e l y , o f  the  trave l  t ime d is tr ibut ion . I n  a  b i o l o g i c a l  c o n t e x t ,  X

and 0 reflect the speed with which the smolts migrate through each
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compartment. Hereinafter, X i s  r e f e r r e d  t o  a s  t h e  t r a v e l  r a t e  ( u n i t s  a r e

time
-1 ) and 9 is called the minimum travel time (in units of  time). The

dimensionless shape parameter, a ,  contro ls  the  skewness  o f  the  d is tr ibut ion

which  i s  a  complex  funct ion  o f  b io t i c  and  abiotic factors . As a approaches

one, the  t rave l  t ime d is tr ibut ion  approaches  the  exponent ia l  d is tr ibut ion ;

as a becomes very large, the distribution approaches the normal

d i s t r i b u t i o n .

ANALYTICAL SOLUTION

A thorough analytical analysis of  a multiple compartment system is

beyond the  scope  o f  th is  report .  However ,  an  analys is  o f  a  s ing le

compartment model provides an il lustration of  the methodology and util ity

o f  th is  approach . Based on this analysis, some implications for multiple

compartment models are discussed. Cons iderat ion  o f  the  s ing le  reservo ir

model is made simple by assuming that all smolts enter the compartment at

t i m e  0  a n d  d a m  s u r v i v a l  e q u a l s  u n i t y  ( i . e . ,  di(t) =  1 ,  f o r  a l l  t). The

focus of  the analysis is on the time of passage through the reservoir and

morta l i ty  within  the  reservo ir .

Us ing  equat ions  (4 -5 )  and  (4 -6 )  f or  s(s) and  r(m),

p ( t )  =  f ( t )  =  Xa (t-e)a-lexp{-[X(t-B)+pt])
r( a>

which has the cumulative distribution function (CDF),

P(Y) = & (t-e)a-l exp(-[  X( t-Q)+pt]}  dt
e

Rearranging,

P(Y) =
Xaexp  (- ~(3)

o+P>”  8
exp{-(X+p)(t-e)}  d t

t>e,

t>e.

08.

( 4 - 7 )

(4-8)

( 4 - 9 )

Equat ion  (4 -9 )  de f ines  the  probabi l i ty  o f  l eav ing  the  reset-voir

sometime during the interval 8 to y. Thus when examined in the limit,  this

CDF g ives  the  f ract ion  o f  the  populat ion  which  i s  expected  to  success fu l ly
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migrate through the reservoir:

9 =
l i m i ty ~ a3 p(y) = ~aexPhe~e

v+PJa
(4 -10 )

As demonstrated below, the compound parameter, 9, i s  equivalent  to  the  mean

probabi l i ty  o f  passage  across  a l l  ind iv iduals .

The mean probability of  passage is used to determine the passage time

distr ibut ion  o f  those  f i sh  which  surv ive  passage  through the  reservo ir .

One impact of  reservoir mortality within the model is that slower migrating

f i sh  are  pre ferent ia l ly  removed . This implies that the apparent rate of

t rave l  o f  f i sh  surv iv ing  passage  wi l l  be  faster  than the  actual  t rave l  rate

of the population as a whole. I f  p , ( t )  i s  d e f i n e d  a s  t h e  p r o b a b i l i t y  o f

ex i t ing  the  system at  t ime t , g iven  that  an  indiv idual  wi l l  success fu l ly

migrate, then

p,(t) = p(t) + G,

= * (t-e)a-lexp(-(Xcp)(t-e)]. (4 -11 )

Equation (4-11) is the probability density function for a gamma distributed

random variable with scale parameter equal to (A+p),  and shape and location

parameters, a and 8, respect ive ly . The corresponding CDF for this

distribution is denoted P,(t) and the mean and variance of  the time of

passage ,  T ,  are

and

mean(T) = pT = 8 + &,

v a r i a n c e ( T )  = azT = 6.

(4-12)

(4 -13 )

Thus an increase in the mortality rate has the same effect on the transit

t ime d is tr ibut ion  o f  surv ivors  as  does  an  equivalent  increase  in  the  t rave l

rate .

The distributions discussed thus far have the implicit  assumption that

the  part i c les  invo lved  have  a  potent ia l ly  in f in i te  l i f e t ime. Obviously

such an assumption is inappropriate when biological organisms are involved.
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In this case one may wish to truncate the migration period to the interval

(O,Tl, where 7: is  the longest observed or expected migration time. The

probabi l i ty  o f  migrat ing  somet ime dur ing  the  interval  (0,-r] i s  equal  to

P(T), while the conditional passage probabilities and the mean and variance

o f  the  t ime  o f  passage  d i f fers  than be fore . The truncated forms are:

p * ( t )  =  p(t)  + P(r), (4 -14 )

and

Q3
1

mean*(T)  = Pc(r) 1
- -e + (ATp) t p,(t)~s dt ,3

1
var iance* (T)  =  Pc(r)

0)

s (t-uT)
2

p,(t) dt].

(4 -15 )

(4 -16 )

As P,(-r) approaches one,  p*(t)  approaches p,(t)  and the mean and variance

from each distribution become more similar. This may permit the simpler

forms o f  uT and  aZT expressed in Equations 4.12 and 4.13 and the

probability of  passage derived in Equation 4.10 to be used as suitable

approximations in most cases.

As previously noted, a sequential multi-compartment system can be

viewed as a series of  independent single compartment systems. This allows

one to compute various indices of  system behavior as functions of  the

indiv idual  compartment  s tat is t i cs . For example, the  probabi l i ty  o f  pass ing

through k sequential compartments is simply the joint product of  the

individual compartment passage probabilities;

J,system = I$ x qJ2 x **a x qJk. (4 -17 )

Simi lar ly , the mean and variance of time of passage through the system are

l inear  funct ions  o f  the  corresponding  s tat is t i cs  for  each  compartment ;

IJ system = !J1 + “‘2 + --* + Pk’

a2
sys tern

=62 to2 +...+u:
1 2 k’

(4 -18 )

(4 -19 )

When fish must pass through numerous reservoirs in sequence, such as

in the Columbia River Basin, an analytical analysis of  the compartment

functions will  produce a system output function defined by a multiple
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convolution of the basic compartment functions. As  the  d is tr ibut ion

becomes more convoluted, it  begins to approach the normal distribution.

Thus, a reasonable approximation might be obtained as a product of  the

system passage probability, J,
system’ and the normal probability density

function with mean = p
system’

and var iance  = u2
system’

Within the conceptual framework described above, not all  individuals

have the same probability of  successfully migrating through a river reach

because  o f  the  var iat ion  in  t ime in  trans i t . At times it  may be useful to

know the  d is tr ibut ion  o f  the  probabi l i t ies  o f  passage  among indiv iduals .

For example, certa in  s tat is t i ca l  models  such  as  the  re lease -recapture

models  for  est imat ing  treatment  e f fec ts  on  surv iva l  descr ibed  by  Burnham  et

a l .  ( 1 9 8 7 )  c o u l d  b e  s e n s i t i v e  t o  t h e  d i s t r i b u t i o n  o f  s u r v i v a l  p r o b a b i l i t i e s

within experimental groups (more about this in Chapter 8). While the

p r o b a b i l i t y  f u n c t i o n s  d i s c u s s e d  t h u s  f a r  a r e  a l l  e x p l i c i t  f u n c t i o n s  o f  t ,

t ransformat ion  techniques  a l low the  ca lcu lat ion  o f  use fu l  probabi l i ty

dens i ty  funct ions  for  var iab les  o ther  than t ime (see ,  f or  example ,  Mood  et

a l .  1974:198-212).

To  i l lustrate  th is  technique , l e t  Z  = i n d i v i d u a l  p r o b a b i l i t y  o f

passage, a continuous random variable with probability density function

hZ(*), a n d  l e t  T  = t i m e  i n  t r a n s i t , a random variable with probability

dens i ty  funct ion  ht(*). Also  le t  Z  be  a  funct ion  o f  t ime in  t rans i t  such

that Z = g(T),  and T = g-l(Z). The theorem of transformations states that

hZ(Z) = h,(g-l(Z))  Id/dZ g-+Z)l. (4 -20 )

T h u s  i f  g(m) = e q u a t i o n  (4-5),  a n d  ht(*) = e q u a t i o n  (4-6),  t h e n

hz(z)  = Z r ( a )’ i-?Gf [-log,(z)  - pe]a-l exp(-(X/p)[-loge(Z)  - pe]j, ( 4 - 2 1 )

which has the domain (0,l) and is negatively skewed. The expected value of

Z  (E[Z])  i s  equal  to  $ de f ined  above  (proo f  omit ted ) . The  var iance  o f  Z  i s

e q u a l  t o  E[Z*] - (E[Z]]*,  o r

var(Z)  = [ [&p)a  exp WpeJ ] - $2. (4 -22 )
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For most simulation studies, one can approximate equation (4-21) using a

Beta distribution with the appropriate mean and variance.

PROJECTING IMPACTS OF MANAGEMENT ACTIONS

System managers are acutely interested in anticipating how mitigation

measures and environmental f luctuations might affect reservoir passage.

Events of  both types influence passage via their direct impact on system

parameters. The relative influence of  each parameter on the passage

probabi l i ty  funct ion  i s  re f lec ted  in  the  sens i t iv i ty  o f  the  mean

probability of  passage and of  the mean and variance of  t ime of  passage to

changes in parameter values. One measure of  the sensitivity of  each of

t h e s e  i s  t h e i r  p a r t i a l  d e r i v a t i v e s . Part ia l  der ivat ives  are  de f ined  as  the

instantaneous rate of  change in a multi-parameter function with respect to

a single parameter, assuming that all  other parameters are held constant.

Table  4 .1  shows  the  part ia l  der ivat ives  o f  Equat ions  4 .10 ,  4 .12 ,  and  4 .13

with respect to each parameter and the sign of  each derivative. The sign

of the derivatives provide a quick but blurry view of how each parameter

af fec ts  passage , and by implication the impacts expected from management

a c t i o n s . An estimate of  the magnitude of  the impact of  a change in a

parameter value can be assessed by examining the partial  derivative more

c l o s e l y .

Management actions can be broadly divided into two types according to

how they affect system parameters. Actions may be designed to speed the

passage of smolts through the reservoirs by increasing the travel rate and

decreasing the minimum travel time (type one),  or designed to reduce the

morta l i ty  rate  ( type  two) . Using the information in Table 4.1,  the model

suggests that type one actions such as the water budget increase the

probability of  passage while decreasing the mean and variance of  travel

t ime for  the  survivors . However, s ince  the  part ia l  der ivat ive  o f  the

probabi l i ty  o f  passage  wi th  respect  to  the  tl-avel  rate  i s  a  nonl inear ,

decreas ing  funct ion  o f  t rave l  rate , the magnitude of  the expected increase

in  the  probabi l i ty  o f  surv iva l  wi l l  decrease  as  the  t rave l  rate  increases .

A  s imi lar  resul t  in  terms o f  improving  the  probabi l i ty  o f  passage  i s

obta ined  for  type  tvo act ions  such as  improving  smelt qual i ty  or  decreas ing
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Table 4.1 Partial  Derivatives of  the Mean Probability of  Passage (JI) and

the Mean (u) and Variance (a2) of Time of Passage with Respect

to Each Parameter in the Model.

Parameter (p)
a(
a(P)

a(v> a( ~2 I
sign a(p) s ign a(p) s ign

Minimum travel (-PI+  - 1 + 0
t ime (e)

Shape parm. (a)

T r a v e l  r a t e  (A)

Morta l i ty
rate (P>

- [e + (Cp) JI -1

+

*
-

* -

& -

& -
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predation on smolts. Decreas ing  the  morta l i ty  rate  a lso  increases  the

probabi l i ty  o f  surv iva l  in  a  nonl inear  fashion .

Since the partial  derivatives of  the mean and variance of  the travel

t ime with  respect  to  t rave l  rate  and morta l i ty  rate  are  equivalent ,  one

might expect changes in the travel time distribution of passage survivors

which  resul t  f rom changes  in  trave l  rate  to  be  obscured  by  f luctuat ions  in

mortal i ty  rate . However, this may not be a problem in real-world

situations due to large differences in magnitude between travel rate and

mortal i ty  rate . For example, i f  the  t rave l  rate  i s  an  order  o f  magnitude

greater  than the  morta l i ty  rate , then f luctuat ions  in  the  morta l i ty  rate

have a minimum effect on the mean and variance of travel time compared to

the  e f fec t  o f  changes  in  the  t rave l  rate . I n  c o n t r a s t ,  f l u c t u a t i o n s  i n  t h e

morta l i ty  rate  can  substant ia l ly  a f fec t  the  probabi l i ty  o f  surv iva l  even

when the  morta l i ty  rate  i s  smal l  re lat ive  to  the  trave l  rate .

System sensitivity to changes in parameter values are often best

demonstrated graphically. I f  one  estab l i shes  boundar ies  for  the  l ike ly

parameter space of  a given reservoir OL- reach, then the effect of  parameter

changes on the system (as measured by dependent variables) can be explored

using nomograms (Peterman 1975) and three-dimensional response surfaces.

To construct a nomogram, all  parameters except two are held constant. The

remaining pair of  parameters are used to define a plane in parameter space;

contours  or  i sop leths  corresponding  to  d is t inct  l eve ls  o f  system response

are  p lot ted  with in  th is  p lane . In a response surface,  the dependent

var iab le  o f  interest  i s  p lo t ted  re lat ive  to  an  ax is  which  i s  perpendicular

to the plane defined by the parameters. Response surfaces easily convey a

sense of  the nature of  the system response to parameter changes but it  may

be  d i f f i cu l t  to  extract  prec ise  va lues  f rom looking  at  the  graphs . When

discrete levels of  system response are of  interest,  nomograms may be more

appropriate.

To  i l lustrate  these  techniques , a nomogram for a single reservoir

system is shown in Figure 4.2 and a response surface is shown in Figure 4.3

for the same system. In these examples, the minimum travel time and the

shape parameter- are f ixed and the travel rate and mortality rate are

permit ted to vary within certain bounds. The  i sopleths  in  Figure  4 .2
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correspond to  d is t inct  l eve ls  o f  the  probabi l i ty  o f  passage  which  resul t

from the various combinations of travel rate and mortality rate. Start ing

anywhere within the graph, a  pos i t ive  increase  in  t rave l  rate  leads  to  a

higher  probabi l i ty  o f  surv iva l  as  one  moves  c loser  to  a  h igher  i sop leth .

The relative improvement in survival resulting from a increase in travel

rate depends upon the value of  mortality rate. The response surface

depic ted  in  Figure  4 .3  i l lustrates  the  e f fec t  o f  t rave l  rate  and  morta l i ty

rate on the mean time of passage. The curvilinear relationship between

time of passage and travel rate is readily apparent. Mean passage time is

re lat ive ly  insens i t ive  to  the  va lue  o f  the  morta l i ty  rate  with in  much o f

the parameter space defined in the f igure. Where  the  re lat ive  costs  o f

altering system parameters are known, least cost approaches for moving from

a given starting point to a more desirable isopleth can be determined using

information inherent in nomograms and response surfaces and expansion path

methods for production commonly applied in microeconomic analyses.

PARAMETER ESTIMATION

Regardless of  the forms chosen for the component functions,  accurate

parameter estimation requires a suitable sample of compartment passage

t imes  and a  re l iab le  est imate  o f  sampl ing  e f f i c iency . The ideal data set

consists of  exact measurements of  time in transit for each sampled

individual combined with accurate estimates of  the probability of  being

sampled. Information from existing data sets,  while less than ideal,  may

be adequate in some cases. Exist ing  data  sets  usual ly  conta in  dai ly  counts

of marked fish recovered at a dam or other sampling station. Counts of

f i sh  leav ing  a  reservo ir  or  reach  dur ing  evenly  spaced  t ime intervals  can

be used in parameter estimation if  the intervals are short in length

re lat ive  to  the  ent i re  migrat ion  per iod . For example,  data collected at

dai ly  intervals  i s  appropr iate  i f  the  migrat ion  per iod  covers  severa l  weeks

but  i s  insuf f i c ient  i f  over  90% o f  the  migrat ion  between sampl ing  s i tes

occurs in a few days. I f  the  t ime iritervals  are  excess ive ly  short  and

counts in each interval are extremely low, pooling data can reduce the

information to a manageable number of observations. Erratic data can be

smoothed either by pooling intervals or by calculating moving averages.

Data which displays an unimodal distribution with non-negative skewness can

general ly  be  f i t  wi th  the  component  funct ions  d iscussed  in  Sect ion  4 .3 .
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Problems with current data arise because of imprecision and inaccuracy

in the monitoring technologies which have been employed. The precise time

required  by  each  f i sh  to  t rave l  f rom the  re lease  s i te  to  the  sampl ing  po int

is not always known since a large group of identically marked fish may be

re leased  over  a  per iod  o f  severa l  days . Also, estimates of  daily sampling

efficiency which are based on measurements of  powerhouse discharge levels

and duration of  the sampling period have a high level of  associated

uncerta inty . For example, roughly  60% o f  the  var iat ion  in  co l lec t ion

efficiency at McNary Dam for yearling chinook and steelhead could not be

explained by variation in powerhouse discharge levels during the 1982 and

1983 outmigrations (estimate based on r values reported in Giorgi and Sims

1987). A further complication is that f ish which are marked and released

may not be physiologically ready to migrate and thus remain in the vicinity

o f  the  re lease  s i te  for  severa l  days  or  weeks  be fore  act ive ly  migrat ing .

An initial  step in the development of  parameter estimates should involve a

care fu l  examinat ion  o f  ex is t ing  data  to  ident i fy  a  subset  o f  the  data  which

is l ikely to produce usable parameter estimates. Novel approaches for

dealing with “messy” passage data should be further explored, including a

review of techniques employed in disciplines other than fisheries where

passage of particles through compartments is of  interest. For example,

Hughes and Matis (1984) discuss the application of a multicompartment model

of ruminant digestion which is conceptually similar to the smolt passage

model presented here and has similar parameter estimation problems.

An example application of a stochastic compartment model to passage

data  f rom a  s ing le  reservo ir  i l lustrates  some o f  the  problems inherent  in

us ing  ex is t ing  data . Figure 4.4 demonstrates the fit  of  the component

equations discussed above to a subset of  mark-recovery data for yearling

chinook salmon released immediately downstream of Priest Rapids Dam and

recovered at McNary Dam (reported in McConnaha  et al .  1985: Appendix I.B,

P. 7). This  data  set , which  i s  one  o f  the  bet ter  su i ted  data  sets  for

parameter estimation from the 1984 smolt monitoring program, represents

only 2.2% of the total number of  f ish marked and released in this

particular experiment and contains estimates of  travel time for individua

fish which may be wrong by as much as 5 days. Despite these factors,  a
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Kolmogorov-Smirnov  goodness -o f - f i t  tes t  fa i l s  to  re jec t  the  hypothes is  that

these data come from the hypothesized distribution at the 5 percent level

o f  s i g n i f i c a n c e . Unfortunately, l i t t le  can  be  conf ident ly  in ferred  f rom

the estimated parameters because uncertainty in the estimate of  sampling

efficiency precludes a unique set of  parameter estimates.

There is hope for better data in the future due to emerging

technolog ies . A review of technological improvements in smolt monitoring

is provided in Chapter 8. These advances in technology promise to be

usefu l  in  a  broad  range  o f  appl i cat ions ,  inc luding  further  model

development. A combination of  remote sensing tools such as passive

integrated transponder (PIT) tags and hydroacoustics might provide the high

quality data desirable for model implementation. Prec ise  est imates  o f

travel time should be feasible using PIT tags and continuous, remote

sampl ing  at  dam bypass  fac i l i t ies  (Prent ice  e t  a l .  1985),  whi le  improved

monitoring devices and statistical techniques might provide more reliable

est imates  o f  sampl ing  e f f i c iency . Continued development and assessment of

these  technolog ies  i s  heart i ly  encouraged .

Estimation of  parameters for the component functions discussed above

requires the use of  non-linear methods. Unfortunately,  non-linear

parameter estimation as currently practiced is more of an art than an exact

sc ience . The  pro l i ferat ion  o f  computers  and  s tat is t i ca l  so f tware  prov ides

a variety of  methods; no  s ing le  applroach may c la im to  be  cons is tent ly

b e t t e r . These methods generally employ algorithms which seek to

i terat ive ly  minimize  spec i f ied  error  funct ions  by  systemat ica l ly  a l ter ing

parameter estimates. Users often have the option of  selecting among error

functions and defining the convergence criteria which determines when an

acceptable solution has been reached. Initial parameter estimates must

a lso  be  spec i f i ed  by  the  user . The final parameter estimates derived using

these methods may be sensitive to the initial  parameter estimates. T h i s  i s

particularly true when there is more than one local minimum in the error

funct ion , a situation that more often develops when several par-ameters  are

being estimated simultaneously. One should expel-iment with various

combinations of  initial  estimates in sear-thing for a global minimum.

Nomogr-ams  can be used to formulate i n i t i a l  parameter- e s t i m a t e s  b y
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delimiting the region in parameter space that could produce the observed

s a m p l e  s t a t i s t i c s .

NUMERICAL SIMULATION

The process of  developing a model which can be analyzed on a digital

computer requires approximation of the continuous nature of  the system

using discrete analogs of  the mathematical relationships. A  f i r s t  s t e p  i s

to  d iv ide  the  migrat ion  per iod  into  d iscrete  t ime  s teps  o f  equal  s ize

( e . g . ,  h o u r s ,  d a y s ,  w e e k s ) . Having more steps leads to improved resolution

at the cost of increased memory requirements and computational time.

Compared to the uncertainty of  natural systems, the error associated with

lack  o f  prec is ion  in  any  reasonable  approx imat ion  i s  probably  neg l ig ib le .

In the case of  smolt migration in the Columbia River Basin, migration data

are  reported  on  a  da i ly  bas is  and  day  appears  to  be  a  sat i s factory  uni t  o f

time for simulation.

The following relationship is used when approximating the model:

st
a(x) d x = S(t) t = 1,2,... . (4 -23 )

(t-1)

Where cP(*)  is some arbitrary function continuous in the defined interval

a n d  8(s) i s  i t s  d i s c r e t e  a n a l o g . Using this notation, the passage

probabi 1 i ty  funct ion  (4 -3 )  can  be  expressed  in  d iscrete  form as :

(4 -24 )

This equation can be expressed using matrices:

Let p”i_l(y)  = a 9
Y

‘i(t-Y)  = bt-y ,

and Pi(t)  = Ct .
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Then C = AB where A, B, and C are matrices defined as:

A( n+m+l)xm  =
-a000 *es 00

0
al ao ***

0 0

a2 al a0 em* 0 0

. : : . . . : :

a.* *** 0 0
n

Oa. *a* 00n

OOa **. 00n

. : : . . . : .

000 --- a00

-000 - - - al ao

B
mxl = bl % n + m + l ) x l  =

b2

-bm _ ,

,

c1

c2

C_ n+m _ .

The dimension indexes n and m are arbitrarily chosen to reflect the last

date of  compartment input and longest reach passage time with probability

substantively greater than zero. The obvious constraints on this model are

that the elements of A and B must all be between zero and one and the sum

of the columns within A and B must be less than or equal to one.

An advantage of numerical simulation i s  t h e  f l e x i b i l i t y  t o  i n c o r p o r a t e

the added complexity and dimensionality which soon frustrates an analytical

s o l u t i o n . The matrix formulation is easy to translate into computer code,

allowing one to build a simulation model of  a complex, multi-compartment

s y s t e m  w i t h  l i t t l e  d i f f i c u l t y .
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CONCLUSIONS

Three basic points developed in this chapter deserve emphasis:

- Reservoir passage and survival is a central concern in downstream

migration which merits careful and intensive investigation.

Mitigation measure to improve downstream passage through reservoirs

are certain to be expensive and may be of  unknown effectiveness.

- A stochastic compartment model approach provides a promising method

of  represent ing  reservo ir  passage  such  that  the  e f fec ts  o f  current

mitigation measures can be evaluated and the impact of  future

actions might be anticipated. A notable strength of  this approach

is  that  i t  a l lows  one  to  d is t inguish  changes  in  rate  o f  passage

from changes in instantaneous mortality rate,  two components that

wi l l  be  a f fec ted  by  mit igat ion  measures  in  d i f ferent  ways .

- Existing monitoring data, combined with high-quality data which is

expected to result from technological advances in smolt monitoring,

can support implementation of  the stochastic approach described

herein.

Based on these premises, it  seems prudent to pursue further

development of a stochastic compartment model approach for modeling

downstream passage. Development of this approach should proceed in

conjunction with further improvement of downstream passage models such as

FISHPASS  such that the complementary strengths of  alternative approaches

can  be  explo i ted .
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Chapter 5

MODELING THE ESTUARY AND EARLY OCEAN LIFE STANZA

INTRODUCTION

Each year, millions of  juvenile anadromous salmon and trout pass

through the Columbia River estuary on a journey to the Pacific Ocean where

they grow to adulthood. For many of these salmonids,  the relative success

of the stock may be largely determined by the magnitude of  the mortality

incurred  dur ing  the ir  br ie f  s tay  in  the  estuary  or  in  the  f i rs t  few months

following entry into seawater. Understanding of the mechanisms affecting

survival and growth of juvenile salmonids in the estuary and near-shore

oceanic environment is crucial to the effective management of  these

spec ies .

Fishery managers and those interested in salmonid  enhancement in the

Columbia River Basin face the challenge of  identifying management actions

that will  enhance the prospects of  marine survival of  each stock. While

the l ist of  available management options within the estuary and ocean is

l imited , managers can influence marine survival via upstream management

act ions  which  a f fect  the  t iming  o f  arr iva l ,  s ize ,  and  phys io log ica l

condi t ion  o f  smolts . Construction of  applicable simulation models which

might  prov ide  guidance  i s  constra ined ,  but  not  prohib i ted ,  by  l imited

knowledge of the Columbia system. Despite a growing body of  research on

the Columbia and other Northwest estuaries, major uncertainties pervade our

knowledge  o f  cr i t i ca l  eco log ica l  processes  which  a f fec t  sa lmonids  dur ing

their estuary and early ocean (EEO) tenure. The term, “ e a r l y  o c e a n ” ,  i s

used  to  re fer  to  the  per iod  fo l lowing  migrat ion  f rom the  estuary  unt i l  the

end of  the year.

Where major uncertainties exist, a  va l id  use  o f  s imulat ion  models  i s

to explore alternative hypotheses concerning causal mechanisms with the

intent ion  o f  ident i fy ing  cruc ia l  data  needs . In order to demonstrate the

utility of developing models of the EEO component for Columbia Basin

Stocks, an example model has been constructed which simulates the mortality
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and growth of a hypothetical chinook stock which enters the estuary as

subyearlings. Mean length and mean time of arrival at the estuary can be

adjusted to simulate the potential impacts of  upstream management actions

which  a f fec t  these  var iables . The varied li fe history patterns among the

anadromous species make it  impractical to develop a single,  generic

simulation module for the EEO component of  the salmonid  life cycle that

would  be  appl i cab le  to  a l l  spec ies  and  s tocks . Given  the  leve l  o f

uncertainty surrounding our present knowledge of marine ecological

processes , the intent of  the model presented here is  to focus debate and

refine understanding.

BACKGROUND INFORMATION

Previous research which is especially pertinent to the Columbia River

System includes work conducted by the National Marine Fisheries Service

(Dawley et al .  1986; McCabe et al . 1983),  information gathered under the

auspices of the Columbia River Estuary Data Development Program

(Lichatowich  et  a l . 1984; Simenstad et al . 1984),  and  recent  s tudies

conducted off the coast of Washington and Oregon by Oregon State University

personnel (Fisher and Pearcy 1988; Pearcy and Fisher 1988). The following

information on the Columbia River Estuary, and the anadromous salmonids

found therein,  has been gleaned from these reports and through personal

contacts with the authors,  except where noted. Research on EEO concerns of

other Northwest stocks is useful in terms of understanding ecological

mechanisms. But one must be cautious in assessing the relevance of  this

research to the Columbia because of  the distinct physiographical and

bioenvironmental characteristics of  the Columbia River estuary and adjacent

ocean waters (see Pruter and Alverson 1972; Simenstad et al .  1984) and

potent ia l  behaviora l  d i f ferences  among salmonid  s tocks  o f  d i f ferent  or ig in .

The Columbia River Estuary is conventionally defined as the lower

75 km of the river, ending with the jetties at the river mouth (Figure

5 . 1 ) . I t  i s  a  genera l ly  shal low area  (<5 m in  depth) ,  wi th  the  except ion

of the major channels, and is laced with an extensive system of shallow

channels, mud f lats ,  shoals ,  and is lands . Maximum seawater intrusion

extends about 38 km into the estuary at low river f low but may be less than
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8 km during periods of  high flow. There is an extensive and variable

estuarine mixing area in the lower estuary depending on tide and river

stage ; the upper portion of  the estuary is freshwater.

The character of the Columbia Estuary has changed dramatically in the

past century. E x t e n s i v e  d i k i n g ,  f i l l i n g , dredging  and je t ty  construct ion

have combined with the taming of the hydrologic regime which accompanied

hydrosystem development within the Columbia Basin to alter the physical

environment of the estuary, mainly through changes in the tidal prism and

inriver sediment transport. Increased phytoplankton production within the

lower Columbia reservoirs has probably lead to an increase in riverine

input of  organic carbon to the estuary and a decrease in inorganic nutrient

input. I t  i s  not  poss ib le  to  ident i fy  changes  in  the  estuary  which  are  due

solely to hydrosystem development separate from other factors,  nor is it

poss ib le  to  separate  the  contr ibut ion  o f  changes  in  the  estuary  to  the

histor i ca l  dec l ine  in  salmonid  product ion  f rom other  causes .

Most Columbia River salmon and anadromous trout stocks apparently make

l i t t l e  u s e  o f  t h e  e s t u a r y , moving quickly through the estuary and into the

open ocean. The notable exceptions are fall  chinook, summer chinook, and

chum salmon which use the estuary as a rearing area, though the extent of

th is  ut i l i zat ion  i s  poor ly  understood . As a general rule,  chinook salmon

exhibit the most varied pattern of estuary use among the Pacific salmon

(Healey 1982). Chinook salmon enter estuaries as either fry,  subyearling

f i n g e r l i n g s , or  year l ings . Summer and fall chinook generally migrate to

the Columbia Estuary as subyearlings after only a few months in freshwater.

Subyearling chinook are the most numerous salmonid  found in the estuary and

spend more time there than do yearling migrants,  which include spring

c h i n o o k ,  coho, and sockeye salmon, and steelhead trout. Movement rates

through the estuary are apparently both species and stock dependent,

affected by where and when the fish begin their downstream migration.

Upon leaving the estuary, each species exhibits its own unique oceanic

migrat ion  patterns  with  s tock-spec i f i c  var iat ions . Chinook salmon and

steelhead trout make extensive northward migrations during the first marine

year (Hartt 1980) while many Columbia River coho salmon apparently remain

in coastal waters off Washington and Oregon. These divergent migration
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patterns result in each stock being exposed to different environmental

condi t ions  a f fect ing  surv ival  and growth.

OVERVIEW OF MODEL

The purpose of  the model is to simulate the growth and survival of

young chinook salmon from the time at which they enter the estuary through

their f irst few months in the ocean. The model takes a fish stock

distribution in terms of f ish length and time of estuary arrival and maps

t h i s  b i v a r i a t e  d i s t r i b u t i o n  i n t o  a  u n i v a r i a t e  d i s t r i b u t i o n  o f  f i s h  l e n g t h

at the end of  the simulation period. Parameters which may be adjusted to

reflect upstream management actions include size and timing of estuary

arr iva ls  and the  estuary  morta l i ty  rate  (a  part ia l  re f lec t ion  o f  smolt

q u a l i t y ) . Mechanisms are provided for changing the functional

re lat ionships  among certa in  var iab les  to  incorporate  a l ternat ive

hypotheses.

The model structure is based upon two major assumptions that are

invio late  in  the  model . F i r s t , residence time within the estuary is

assumed to be based on fish length. There is evidence to suggest that

larger fish migrate through the Columbia River Estuary at a faster rate

(Dawley et al . 1986) and that resident subyearlings move out of  estuaries

as they grow larger (Simenstad and Wissmar 1984). The second major

assumption is that growth in both the estuary and ocean varies with the

seasons and is proportionate to body size. Fish growth is a complex

function of numerous environmental variables which exhibit seasonal

pat terns: r iver  f low, water temperature,  primary production, prey

a v a i l a b i l i t y ,  e t  c e t e r a . One approach to implicitly incorporate these

factors into a model is to define a time dependent growth function which

presumably adjusts for seasonal changes in the environment. The seasonal

growth patterns in the estuary and the ocean may not coincide due to

d i f ferent  environmental  forc ing  funct ions .

MODEL CONCEPTUALIZATION AND STRUCTURE

The model is structured such that it  tracks numbers and length

distr ibut ions  o f  f i sh  in  four  compartments  through t ime (Figure  5 .2 ) .  Two
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I - 5 - 6



of these compartments, estuary arrivals and estuary migrants,  are transient

states where no changes occur in the individuals within them. The dynamic

process of  growth and mortality are simulated within the estuary and ocean

residence compartments. Fish  length  i s  a  key  var iable ;  i t  determines  the

proportion leaving the estuary and the survival rates of  the ocean

res idents  (as  an  opt ion) . T h e  d i s t r i b u t i o n  o f  f i s h  l e n g t h  ( f o r k  l e n g t h )  i s

assumed to  fo l low a  lognormal  probabi l i ty  d is tr ibut ion  as  i s  appropr iate

when growth  i s  proport ionate  to  s ize  (Boswel l  e t  a l .  1979) . Most of  the

model ’s  internal calculations and many of the parameters are defined using

the  natural  log  t ransformat ion  o f  f i sh  length  ( t ransformed length) .

Detailed descriptions of  model components follow. The variable and

parameter names used in the actual model (Table 5.1) are incorporated in

the  text  where  poss ib le  to  a l lev iate  confus ion . Parameters, which  re fer  to

population attributes that do not change with time, and model constants are

dis t inguished  f rom var iab les  by  the  use  o f  upper  case  le t ters . Variable

suf f ixes  conta ined  in  brackets  re fer  to  t ime s tep . Where no brackets

occur , t h e  p r e s e n t  t i m e  s t e p ,  [ t ] ,  i s  i m p l i c i t . The number of days in each

time step is defined with the constant, N DAYS. Parameters and constants-
involving units of  time must be specified in terms of days. The pound

symbol  (# )  i s  used  in  the  text  as  a  pre f ix  to  denote  intermediate  var iab les

used  in  ca lculat ions .

Estuary Arrivals

The input parameters given in Table 5.1 are used to characterize the

number, timing, and length  d is tr ibut ion  o f  f i sh  arr-iving at  the  estuary .

The  d is tr ibut ion  o f  f i sh  arr iv ing  over  t ime i s  assumed to  fo l low a  normal

d i s t r i b u t i o n , ignor ing  the  extreme ta i l s . The  range  o f  arr iva l  t imes  i s

defined as the mean plus or minus 2.6 standard deviations:

ARV  FD = (ARV MT ~ (2.6 x JARV vL)) 1 N DAYS, ( 5 - I )- - -

ARV LD = (ARV MT - (2.6 x JARV  vL)) / N DAYS. ( 5 - 2 )- - -

The number  o f  f i sh  arr iv ing  at  the  estuar-y in  each  t ime s tep  (arv  est ) ,-

g iven t  i s  within  the  interval , ]ARV FD, ARV LD], is calculated as the- -
product of  the total  population size (ARV TOT) and the probability of-
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Table 5.1 Parameters and State Variables for Estuarine/Early Ocean Model

Input parameters (5)

ARV TOT- total number of f ish reaching estuary

ARV MT- mean time of arrival at estuary

ARV VT var iance  o f  estuary  arr iva l  t ime

ARVL BO- mean transformed length of arriving fish

ARVL Bl- Var iance  o f  t ransformed length  o f  arr iv ing  f i sh

Control  parameters (17)

EST SW-
EST GBO-
EST GBl-
EST GB2

EST GB3-
ESTBL BO-
ESTBL Bl-
CRT ML-
MIGVL BO-
OCN SVBO-
OCN SVBl-
OCN GBO-
OCN GBl-
OCN GB2-
OCN GB3-
OCNBL BO-
OCNBL Bl-

estuar ine  surv iva l  coe f f i c ient

estuar ine  growth coe f f i c ient ; mean of sine function
11 VI 11 amplitude
II II II period
11 It II phase  sh i f t

transformed reference length for growth model

growth adjustment coefficient

transformed cr i t i ca l  migrat ion  length

use depends on MIGVL OPT (see text)-
o c e a n  s u r v i v a l  c o e f f i c i e n t ;  i n t e r c e p t

If II II s l ope

ocean growth coe f f i c ient ;  mean o f  s ine  funct ion

amplitude

period

phase shift

transformed reference length for growth model

growth adjustment coefficient

Model constants (4)

ARV FD- a r r i v a l  d a t e  o f  f i r s t  a r r i v i n g  f i s h

ARV LD- a r r i v a l  d a t e  o f  l a s t  a r r i v i n g  f i s h

PERIOD length of  simulation period

N DAYS- number of days per time step
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Table  5 .1  Cont inued .

Independent state variable (1)

time time step

Dependent state variables (23)

arv  est-
arv ml-
arv mvl-
a r v  vl-
cum arv-
est num-
e s t  g-
est ml-
e s t  vl-
mig est-
cum mig-
ocn num-
ocn svc-
o c n  pet-
ocn g-
ocn ml-
r e l  s u r-
y r l  t o t-
y r l  s u r-
yrl  ml-
y r l  v l-
sum ml-
sum vl-

number of f ish ar r iv ing in estuary

mean transformed length of f ish entering estuary

variance of arv ml-
var iance  o f  t ransformed length  o f  arr iv ing  f i sh

cumulative number of f ish entering estuary

number of f ish in estuary

estuary  growth coe f f i c ient

mean transformed length of f ish in estuary

var iance  o f  t ransformed length  o f  es tuar ine  f i sh

number entering ocean

cumulative number of f ish entering ocean

no. surv iv ing  f i rs t  year  that  entered  ocean at  t ime t

ocean surv iva l  coe f f i c ient

percent surviving ocean that entered at time t

ocean growth coefficient

mean transformed length of those entering ocean at time t

index  o f  re lat ive  surv iva l  g iven  ocean entry  at  t ime t

tota l  no . of  ocean survivors at end of  simulation period

percent entering estuary that become ocean survivors

population mean transformed length

population variance of  transformed length

summation variable used in calculating yrl ml-
11 II II II II y r l  v l-
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a r r i v i n g  i n  t h e  i n t e r v a l ,  ( t - l ,  t], a s  c a l c u l a t e d  w i t h  t h e  n o r m a l

probabi l i ty  dens i ty  funct ion .

There are two options provided for calculating the mean (arv ml) and-
var iance  (arv  v l )  o f  t ransformed length  o f  f i sh  arr iv ing  at  each  t ime step .-
Using the default option, the mean and variance of arrivals are simply

constant over time: arv ml = ARVL BO, and arv vl = ARVL Bl, for all t.- - -
Opt ional ly , one  can  assume that  larger  f i sh  arr ive  at  the  estuary  ear l ier

than smaller fish. This  might  ar ise  f rom larger  f i sh  migrat ing  ear l ier  in

the  season or  f rom the  larger  f i sh  in  a  hatchery  re lease  migrat ing  faster

than smaller members of the same cohort. The input parameters, ARVL BO and-
ARVL Bl, are used under this option to denote the mean and variance of-
transformed length for the arriving population as a whole,  aggregated over

a l l  t i m e  s t e p s .

When the second option is chosen, arv ml is estimated using the mean-
value predicted from a truncated normal probability density function. The

l imits  o f  t runcat ion  depend upon the  probabi l i ty  o f  arr iva l  (P[t])

ca lculated  in  the  determinat ion  o f  arv  est . When the first migrants arrive

at  the  estuary , the  upper  l imit  o f  t runcat ion  (ubound)  i s  set :

ubound[ARV  FD] = ARVL BO + (2.6 x JARVL Bl). ( 5 - 3 )-
The  in i t ia l  probabi l i ty  va lue  (uprob) corresponding  to  ubound f rom the

cumulat ive  normal  d is tr ibut ion  funct ion  i s  equal  to  0 .9953 .  The  lower

l imit  o f  t runcat ion  ( lbound)  i s  ca lcu lated  us ing  the  inverse  o f  the

cumulative normal distribution function and a probability value (lprob)

e q u a l  t o  uprob - P[t]. With each successive time step, ubound is set such

that ubound[t]  = lbound[t-11,  and lprob and lbound are calculated as above.

The  resul t  i s  that  the  mean length  o f  arr iv ing  f i sh  (arv-len)  progress ive ly

decreases over time.

The  var iance  in  length  o f  arr iv ing  f i sh  a lso  var ies  with  t ime under

the second option. While the mean transformed length of arrivals is

decreasing over time, the variance of this mean (arv mvl) remains constant.-
A special subroutine estimates arv mvl such that the aggregation of-
arr iv ing  f i sh  across  a l l  t ime steps  exhib i ts  a  var iance  in  length  equal  to

ARVL Bl. The  var iance  in  length  o f  f i sh  arr iv ing  within  each  t ime step  i s-
equal to the product of  arv mvl and arv est. Thus  the  largest  var iat ion  in- -
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length occurs among those groups of f ish arriving during the center of  the

migration period and less variation among early and late arrivals.

Estuary Residents

The number of  f ish residing in the estuary during a given time period

changes through migration and mortality. Mortality is represented within

the model as a Poisson process such that the number of  residents decreases

exponentially in the absence of  migration. The  surv ival  coe f f i c ient

(EST-SUV)  i s  de f ined  as  the  natura l  l og  o f  the  probabi l i ty  o f  surv iv ing  for

a  s ing le  day , each day being independent. (For example, if EST SUV =-
-0 .01 ,  then the  probabi l i ty  o f  surv iv ing  th ir ty  days  in  the  estuary  would

b e  e q u a l  t o  expj-0.01  x  3 0 )  = 0 . 7 4 . ) The number of f ish in the estuary

(est-num)  is  ad justed  in  each  t ime s tep  for  those  enter ing  the  estuary

( a r v  e s t ) , leaving the estuary (mig est) ,  and dying:- -
est  num[t ]  =  (arv  est  +  est  num[t -1 ]  - mig-est)- - -

x exp {EST SW x N-DAYS) . ( 5 - 4 )-
Estimation of mig est and the length distribution of these migrants will  be-
discussed  in  the  next  sect ion .

The  d is tr ibut ion  o f  f i sh  length  within  the  estuary  i s  s imi lar ly

affected by migration and is also a function of  growth during the time

step . The mean transformed length (est ml) is updated in a two step-
process . F i r s t , est  ml  i s  ad justed  for  migrat ion :-

#est-ml =

[

(est-ml[t-1] x  est-num[t-l])  + (arv-ml x  arv-est)

- (mig ml x mig est) 1- -
. (5-5)

(est num[t-1] + arv est - mig est)- - -

A s  larger fish  migrate  out of the estuary and smaller fish  m o v e  in, the
mean length of the fish in the estuary will  decrease. This decrease in

mean length due to migration will  be offset to some extent by fish growth

within the estuary. An adjustment for growth is made in the second step:

est ml = #est ml + (y x N DAYS), (5 -6- - -
where  y i s  the  growth coe f f i c ient  d iscussed  be low.
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The growth expression used within the model is a modification of

length (L) and weight (W) relationships commonly used in describing salmon

g r o w t h  ( e . g . ,  Ricker 1 9 7 6 ) . A commonly reported growth model for salmon

assumes that the change in weight is proportional to current weight:

d W[t] / dt = W[t] x g . ( 5 - 7 )

By subst i tut ing  the  length-weight  re lat ionship ,  W = a*Lb, into  equat ion

(5-7)) one obtains

d L[t] / dt = L[t] x y , (5-8)

where  y = g /b . Inherent in this relationship are the assumptions that

environmental conditions for growth remain constant and that the constant

o f  proport ional i ty  i s  independent  o f  f i sh  s ize . I n  r e a l i t y , the value of

t h e  c o e f f i c i e n t , y,  should vary over time to reflect changing environmental

conditions and may also be correlated with fish length. For example,

smaller f ish might demonstrate a higher proportionate increase in length

than larger fish under identical environmental conditions.

One way to incorporate such factors into the growth relationship is to

express  the  growth coe f f i c ient  as  a  funct ion  o f  f i sh  length  and

environmental variables. If  environmental conditions exhibit seasonal

changes then time may be used as a surrogate variable for the environment.

In  the  model ,  the  coe f f i c ient  f rom equat ion  (5 -8 )  i s  d iv ided  into  two  parts

such that

y = r x (Lr / L[t])a , ( 5 - 9 )

where r is a variable growth rate, Lr i s  t h e  f i s h  l e n g t h  f o r  w h i c h  r  i s

defined,  and a is a parameter which reflects a change in growth rate as a

f u n c t i o n  o f  t h e  r a t i o ,  Lr/L[t]. If a = 1, growth is linear; if a < 1, the

rate  o f  change  in  length  increases  with  increas ing  f i sh  length ;  i f  a > 1,

growth rate  dec l ines  as  length  increases , which is probably more common.

The value of  r  represents the instantaneous growth rate of  a f ish of  length

Lr. The  va lue  se lec ted  for  Lr should  be  c lose  to  the  expected  length  o f

f i sh  in  the  estuary , though any positive real number is permissible.

Environmentally induced changes in growth rate are specified by altering

the value of  r  while Lr and a remain constant. Within the model,  values

for  r  are  ca lculated  as  a  funct ion  o f  t ime us ing  a  harmonic  funct ion  o f  the

general form

r-=0o + 1 6, x sineI(2n / 6,) x (time - B333)l 1, (5 -10 )

where the parameters,  1!3~-8~, a r e  s p e c i f i c  f o r  a  f i s h  o f  l e n g t h  Lr. Since
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the model works with discrete time steps, the integrated form of equation

(5-8) is  used within the model.

Conceptually, the  var iance  o f  l ength  o f  es tuary  res idents  wi l l  a lso  be

affected by migration and growth. Moving  f i sh  o f  d i f ferent  lengths  into

and out  o f  the  populat ion  wi l l  c lear ly  change  the  var iat ion  in  length .

Also,  any random noise associated with y will  propagate changes in the

var iance  structure . Tracking these changes can be a complicated process of

dubious usefulness. The  concept  that  i s  o f  more  interest  i s  the  var iance

structure that determines the migration behavior or residence time of f ish

in the estuary--which may not be equivalent to the variance of  estuary

res idents  at  a  g iven  t ime.

The approach taken within the model assumes that the variance measure

of  major  interest  i s  the  “cumulat ive” v a r i a t i o n  i n  l e n g t h  o f  f i s h  a r r i v i n g

at  the  estuary . Cumulative variance (est vl)  represents an aggregation of-
f i sh  that  are  arr iv ing  at  the  estuary  with  those  that  have  prev ious ly

arr ived . The  ca lculat ion  o f  es t  v l  i s  based  on  a  working  formula  for-
variance (Steel and Torrie 1980):

est-vl[t]  =  [na x  (arv-ml2  + arvXvl)J

+  {ne x  (est-ml[t-l]L  + e s t  vl[t-11))-

- ma x  arv-ml) +  (ne x  est-ml[t-l]))2, (5 -11 )

where n =  a r v - e s t  / ( a r v - e s t  + est-num[t-1]),  a n d  rt =  1  - n . Growth of

f i s h  inathe  e s t u a r y  a n d  o u t m i g r a t i o n  o f  f i s h  f r o m  thz estuaryaaffect  e s t  vl-
indirectly through their impact on est ml. An important determinant of the-
magnitude of  est vl is the difference between est ml and arv ml. The value- - -
o f  es t  v l  increases,at a  faster  rate  wi th  larger -  d i f ferences  between est  ml- -
and arv ml.-

Estuary Migrants

The model incorporates the assumption that f ish begin to leave the

estuary as they attain a certain minimum length, driven by an inherent urge

to migrate. Previous studies have suggested that larger- f ish move quickly

out of  the estuary and into the open ocean, and then begin a lengthy

migration to northern rearing areas. The motivation for leaving the

estuary may be to search for lar-gel-,  more desirable prey items, or as an
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adaptive mechanism to reduce intraspecific competition. Physica l  factors

such as water temperature may also have a role in prompting migration.

In the model, the number leaving the estuary during each time step is

calculated as the product of  the number of  f ish in the estuary and the

probabi l i ty  o f  be ing  longer than the specified minimum length. This

probability of  migrating is estimated using the cumulative normal

distr ibut ion  funct ion  with  mean,  est  ml ,  and var iance ,  est-vl, and  the-
transformed critical migration length, CRT ML. The mean transformed length-
of the migrants (mig ml) is estimated using this same normal distribution-
truncated at CRT ML and est ml plus 2.6 standard deviations.- -

There are three options for defining the variance of  transformed

length  o f  the  estuary  migrants  (mig-v l ) . I n  t h e  f i r s t  o p t i o n ,  mig-vl  i s  a

constant defined by the user. In the second option, mig  vl i s  equal  to  the-
product  o f  es t  v l  and  a  user -de f ined  constant . The third option assigns a-
value  for  mig  vl that  i s  proport ionate  to  es t  vl and  the  probabi l i ty  o f--
migration. Under this option,

mig vl = est vl[t-1] x (mig est/est num[t-11)  x MIGVL BO, (5 -12 )- - - --
where MIGVL BO is a user-defined constant. The concept of  migrant variance-
is  important  because  o f  i t s  impact  on  the  f ina l  l ength  d is tr ibut ion  o f  the

population at the end of  the simulation period. Unfortunately,  there seems

to  be  no  empir i ca l  ev idence  or  theoret i ca l  just i f i cat ion  for  pre ferr ing  one

opt ion  over  the  o thers . I t  i s  e n t i r e l y  p o s s i b l e  t h a t  t h e  v a r i a n c e  o f

length of estuary migrants in the real system is a random variable with

l i t t le  resemblance  to  e i ther  o f  the  va lues  o f fered  in  the  model .

Ocean Residents

Growth and survival of  f ish in the ocean is simulated differently than

for  the  estuary  res idents . Whereas with the estuary residents the model

aggregates  indiv iduals  enter ing  the  estuary  with  f i sh  present  in  the

estuary at the beginning of each time step, subpopulat ions  o f  f i sh  enter ing

the ocean at different times remain segregated until  the end of  the

simulation period. The reason for this is that the model incorporates

size-dependent growth and mortality in the ocean and it  is  more convenient
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to model these processes using subpopulations that are more homogeneous

relative to body length than the parent population.

Each subpopulation enters the ocean with an initial  mean length and

variance determined in the estuary migrant compartment (discussed above).

The  mean length  increases  over  t i m e  as  a  funct ion  o f  growth. A growth

model, equiva lent  to  that  used  for  es tuary  res idents ,  i s  de f ined  us ing

ocean-spec i f i c  parameters . The variance of transformed length is assumed

to remain constant over time: ocn vl = mig vl. The variance in fork length- -
increases as the mean length increases due to the relationship between the

fork length and transformed length distributions. Recall  that if  a random

variable , X, is distributed normally with mean = 1-1, and variance = a2, and

Y = exp(X), then Y follows a lognormal distribution and E(Y) =

exp{n+(a?/2)},  a n d  Var(Y)  = exp{2p+aZ}(exp(aZ}-1).

The model allows one to define ocean mortality such that the

percentage of  each subpopulation surviving through each time step increases

(or decreases) as the mean length increases. T h e  s u r v i v a l  c o e f f i c i e n t  f o r

the exponential decay model of  survival,  similar to that used in the

estuary, i s  de f ined  for  the  ocean res idents  as  a  funct ion  o f  f i sh  length :

ocn-svc =  OCN-SVBO  + (OCN-SVBl  x  exp{ocn-ml}). (5 -13 )

The proportion surviving each time step is equal to exp(ocn svc}, where-
ocn svc must be less than OL- equal to zero. The parameter, OCN SVBl,- -
determines the relationship between length and survival. If  OCN SVBl  is-
p o s i t i v e , survival  increases  with  length . If  OCN SVBl = 0,  then survival-
is independent of  length.

Because of  the structure of  the model algorithm, the variables having

the  pre f ix ,  ocn  ,  which  are  output  by  the  model  at  each  t ime s tep ,  re f lec t

terminal  s tat is t i cs  spec i f i c  to  the  subpopulat ion  that  entered  the  ocean

during that time step. T h e  r e l a t i v e  i n d e x  o f  s u r v i v a l  ( r e l  s u r )  i s  a-
comparative measure of the expected mar-ine survival of the subpopulation

entering the ocean at time t, assuming all  f ish entered the estuary at time

ARV FD. Var iables  with  the  pre f ix ,  yr l  , re fer  to  the  ent i re  populat ion- -
surviving the simulation period and as such are meaningful only at the

conc lus ion  o f  the  f ina l  t ime s tep .
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EXAMPLE APPLICATION

For  purposes  o f  i l lustrat ion , the  model  was  appl ied  to  a  f i c t i t i ous

chinook salmon stock. Parameters values used for the benchmark simulation

(Table 5.2) characterize a population which has a mean arrival date at the

estuary  o f  Apr i l  1 , and a mean arrival length of 57 mm. A simulation

period of one year, January 1 to December 31, was used with a time step of

5 days. Where options were available within the model, the more complex

options were chosen for the benchmark simulation. Three assumptions were

st ipulated  by  the  use  o f  these  opt ions : (1 )  f i sh  arr ive  at  the  estuary

according  to  length ,  (2 )  the  var iance  in  length  o f  the  estuary  migrants  i s

proportional to the percentage migrating, and (3 )  morta l i ty  in  the  ocean i s

length-dependent. It was assumed that environmental f luctuations in the

estuar ine  and  oceanic  growth coe f f i c ients  fo l low d i f ferent  patterns  (F igure

5 . 3 ) .

A crucial assumption reflected in the parameter values defined for the

benchmark and subsequent simulations is the position that the estuary is a

refuge from predators for small  salmon. This view of the Columbia River

Estuary is proposed by McCabe et al. (1983)  based  on  the ir  analys is  o f  the

inter-relationships between juvenile salmonids and non-salmonid fish. The

potent ia l  impact  o f  p isc ivorous  b irds  or  mammals  i s  l ess  understood .  The

concept of  the estuary as a refuge is incorporated in the model by defining

survival  rates  for  estuary  res idents  to  be  h igher  than surv ival  rates  for

ocean res idents  o f  s imi lar  s ize .

Results from the benchmark simulation are presented as an example of

model outputs and should not be interpreted as being indicative of  any real

stock . Fish began arriving at the estuary in late January and continued to

arr ive  unt i l  mid  June  (Figure  5 .4 ) . The distribution of estuary migrants

over time was more skewed than the distribution of estuary arrivals,  and

the peak in estuary migrants lagged the peak in estuary arrivals by

approximately 70 days. Fish began leaving the estuary around May 1 and

migration continued through the end of the year. Of the simulated fish

population that arrived at the estuary, by the end of the year 46.1% had

died in the estuary, 41.4% had died in the ocean, 2.8% remained alive in

the estuary, and 9.7% remained alive in the ocean.
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Table 5.2 Parameter Values and Constants Used in Benchmark Simulation.

Parameter

ARV TOT-
ARV MT-
ARV VT-
ARV FD-
ARV LD-
ARVL BO-
ARVL Bl-
EST SW-
EST GBO-
EST GBl-
EST GB2-
EST GB3-
ESTBL BO-
ESTBL Bl-
CRT ML-
MIGVL BO-
OCN SVBO-
OCN SVBl-
OCN GBO-
OCN GBl-
OCN GB2-
OCN GB3-
OCNBL BO-
OCNBL Bl-

PERIOD

N DAYS-

Value

100,000

90

853

14

166

4 . 0

0.08

-0.0052

0.005

0.003

548

0

4 . 0

0 . 5

4.78

0.2

-0.0202

0.000044

0.004

0.003

657

36.5

2

2

365

5

Units*

count

days

(days)2

days

days

loge(mm)

Ih3,(mm)12
(days)

-1

(days)-'

(days)
-1

days

days

loge(mm)

NA

lwe(mm)

NA

NA

(mm)
-1

(days)
-1

(days)-'

days

days

loge(mm)

NA

days

days

NA = not applicable; dimensionless par-ameter.
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Figure 5.3 Time Series of  Growth Coefficients for Estuary and Ocean

Residents Used in the Model. The  re ferences  lengths  for  the

estuary and ocean growth coefficients were 55 and 181 mm,

respect ive ly .
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Figure  5 .4  Relat ive  Frequency  Distr ibut ion  o f  Estuary  Arr iva ls  and Estuary

Migrants 9ver Time, and Ocean Sllrvivors Plot ted Versus Date of

Ocean Entry. The  vert i ca l  ax is  i s  s tandardized  such  that  the

area  under  the  curve  denoted  “estuary  arr iva ls ”  i s  equal  to

one.
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Using  the  opt ion  which  ca l l s  for  larger  f i sh  to  arr ive  ear l ier ,  the

mean length  o f  arr iva ls  decreased  in  an  a lmost  l inear  fashion  (Figure  5 .5 ) .

The mean length of estuary residents increased due to growth in the first

part  o f  the  year  but  then  decreased  s l ight ly  as  the  larger  f i sh  migrated

out of  the estuary and estuary growth rates slackened. The trend in mean

lengths  o f  the  estuary  migrants  essent ia l ly  para l le led  that  o f  the  estuary

res idents , with a difference of about 50 mm. At the end of  the simulation

per iod , the ocean residents exhibited a mean length of 273 mm with a

standard deviation of 64.5 mm. This represents an increase in mean length

of 216 mm and a four-fold increase in the standard deviation of  length

s ince  the  t ime o f  estuary  arr iva l  (F igure  5 .6 ) .

In order to demonstrate the potential impacts of upstream management

actions on EEO survival and growth, the mean length and mean time of

arr iva l  were  var ied  systemat ica l ly . F ive  leve ls  o f  mean length  o f  arr iva ls

(ARV MLEN = 26, 41.5, 57, 72.5, and 88 mm) and five levels of mean date of-
arrival (ARV MT = 60, 75, 90, 105, and 120 days) were used in combination-
to construct a 5x5 design matrix. Mean length and time of arrival are two

parameters that, at  least  for  hatchery  s tocks ,  are  moderate ly  p l iant . A l l

other parameters from the benchmark simulation were held constant to

s impl i fy  the  analys is . Note that keeping the estuary survival rate

constant assumes that smelt  quality is independent of  mean fish length and

t ime o f  estuary  arr ival . This  assumption  i s  probably  unreal is t i c  for  the

real system (Wedemeyer et al. 1980; Mahnken et al. 1982). The length of

the simulation period (PERIOD) for each model run was set equal to ARV MT-
plus 275 days to insure that each population spent the same amount of

time in the system. Otherwise, d irect  compar isons  o f  f ina l  populat ion

sizes would be misleading.

Simulation results from using each combination of parameters were used

to  descr ibe  response  sur faces  for  se lec ted  output  var iab les . The response

surfaces generated for summary variables at the end of the simulation

period provide some conceptual information that might help explain or

ant ic ipate  the  re lat ive  success o f  hatchery  re lease  pract i ces . The

response surface generated for the adjusted number of  ocean residents at

the  end  o f  the  year  suggests  cons iderable  interact ion  between arr iva l  s ize
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Figure 5.5 Mean Lengths (in mm) of Fish in the Estuary (Residents) and of

those Fish Entering (Arrivals)  and Leaving (Migrants) the

Estuary Over Time.
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and date  o f  arr iva l  (F igure  5 .7 ) . Medium-sized fish appear to have an

comparative advantage during the earliest arrival dates but this advantage

shi f ts  to  the  largest  f i sh  as  the  mean date  o f  arr iva l  increases . This

suggests that it  may be disadvantageous to either leave the relative

protect ion  o f  the  estuary  too  soon  or  s tay  in  the  estuary  too  long .  The

earlier arrival dates produce more ocean survivors because the fish are

able to take advantage of  better conditions for growth in the estuary and

ocean.

Even more dramatic than the impact of parameter changes on ocean

survivors was the response in the number of f ish remaining in the estuary

at  the  end  o f  the  s imulat ion  per iod  (F igure  5 .8 ) . The simulated variation

in the number of estuary “residuals” was an order of magnitude greater than

the  var iat ion  in  ocean survivors . The extent of  the variation which can be

ascribed to different mean lengths at arrival swamps the more l imited

var iat ion  due  to  d i f ferent  arr iva l  t imes . The number of estuary residuals

appears to drop exponentially as the mean length of  arrivals increases

whi le  later  arr iva l  dates  lead  to  a  more  modest  l inear  increase  in

res iduals . Size at arrival is apparently the more important determinant of

estuary residence time within the model.

The  length  d is tr ibut ion  o f  ocean  res idents  at  the  end  o f  the

s imulat ion  per iod  i s  a lso  a f fec ted  by  arr iva l  l ength  and date  o f  arr iva l .

The response of  mean length of  ocean residents to the parameter changes is

described by the plane:

mean length  = 219 .5  +  1.3(ARV-MLEN)  - 0.27(ARV-MT), (5 -14 )

which  was  f i t  us ing  mult ip le  regress ion  (R? =  0 .996) . As one might expect

i n t u i t i v e l y , terminal mean length increases with increased length at

arrival and decreases as mean date of  arrival increases. The response

sur face  for  the  s tandard  dev iat ion  o f  l ength  o f  ocean  res idents  i s  more

complex than that for length, is  not easily explained, and provides a good

example of  the nonlinear interactions occurring among variables within the

model  (F igure  5 .9 ) .

A l imited attempt was made to look at the relationships between

assumptions made in the model and conclusions which might be drawn from the
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model ’ s  appl i cat ion . A noteworthy result was that the response surface for

adjusted number of ocean survivors shown in Figure 5.7 was found to be

highly dependent on the assumption that mortality in the ocean is size-

dependent. Hold ing  ocean morta l i ty  constant  for  a l l  f i sh  (ocn  svc  = -0 .01)-
resulted in a dramatic change in the response surface (Figure 5.10). The

comparative advantage under this scenario is  now g iven  to  the  smal ler  f i sh .

This results because smaller f ish spend a higher proportion of  time in the

estuary  where  the  surv ival  rate  i s  now suf f i c ient ly  h igher  than that  in  the

ocean to create an apparent advantage. One could reverse the situation

such that mortality rates are assumed to be higher in the estuary than in

the ocean. Under these conditions,  f ish which enter the estuary at a

larger size would have an advantage in survival.

DISCUSSION

In the  e f for t  to  deve lop  p lans  for  l i f e - s tanza  models ,  the  es tuary  and

early ocean component has been one of  the more diff icult  to resolve. I t  i s

always diff icult to step into an unfamiliar arena and try to model a system

about which one knows very little. The usual approach is to begin by

evaluating models which may be applicable to the system at hand with the

hope of  building on the strengths and weaknesses of  the prior efforts.

When such example models are lacking, the  best  a l ternat ive  i s  to  s tart  wi th

a clear conceptual understanding of the major processes at work within the

system. When even the fundamental task of defining a conceptual model of

the system is problematic, one  natural ly  quest ions  the  feas ib i l i ty  o f

building a useful simulation model. I s  i t  w o r t h  t h e  e f f o r t ?

In  sp i te  o f  cons iderable  uncerta inty  concerning  ecosystem processes ,

progr-ess  made in developing the heuristic model presented here suggests

that building species-specific  models of  the EEO component of  the Columbia

River  System is  feas ib le ,  and  can be  instruct ive .  The  present  module  can

be viewed as an essential  fir-st step in the development process.  The model

in  i t s  present  condi t ion  i s  not  an  appropr iate  end  product . Much

evaluation and validation remains to be done. Let the present model serve

only  as  an  example  o f  a  rea l i s t i c modeling approach and of  the potential

value of having valid models of the EEO component.
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There are some clear advantages to having precursor models.

Construction of  the example model began with a central hypothesis--that

growth is  the  pr inc ipal  dr iv ing  factor - -and the  model  s tructure  was  bui l t

around this concept. The choice of  growth as the principal factor was an

arbi trary  one ,  based  on  an  interpretat ion  o f  avai lab le  l i terature . Other

researchers might disagree with this view of the system. With a

preliminary model, at  l east  a  foca l  po int  for  debate  ex is ts  which  i s  sure

to enrich future model development and understanding. Alternative models

which assume that predation or physical factors drive the system could be

deve loped  i f  ex is t ing  ev idence  warrants  the ir  construct ion . Models which

would  be  appl i cab le  to  o ther  spec ies  wi l l  require  d is t inct ive  s tructures

w h i c h  r e f l e c t  s p e c i e s - s p e c i f i c  d i f f e r e n c e s . For example, a linkage between

growth and early marine survival of  coho salmon, which make little use of

the Columbia River estuary, is not supported by empirical evidence (Fisher

and Pearcy 1988). Upwelling and ocean temperatures seem to have a major

influence on coho survival (Nickelson 1986) though the mechanisms for this

phenomenon are poorly understood.

The simulation results presented in the previous section provide an

example of the type of information that a EEO models can provide. Knowing

the shape of  the response surface for key variables such as percent

survival would be extremely beneficial  to f ishery managers trying to

maximize returns from hatchery releases. Given  the  leve l  o f  uncerta inty

surrounding the system, i t  i s  unl ike ly  that  a  model  can  be  constructed  in

the  near  future  that  wi l l  be  ab le  to  predic t  these  response  sur faces  wi th  a

reasonable degree of  accuracy. However, a model can indicate the shape of

the response and suggest adaptive management strategies or experiments that

would provide useful information. Models also provide a tool  which can be

used to help understand past experiences.

Although models such as the EEO model presented here appear to r-aise

more questions than they answer, models  actual ly  act  to  focus  quest ions .

Since a good model is based on clear-ly stated assumptions,  usually

representing “convent ional  wisdom”, the focused questions identify what al-e

important data to gather. These data then allow the model to be tested-

-which  a lso  i s  a  test  o f  the  assumptions . Deriving answers to questions in
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the real world is an expensive proposition. A reliable model might serve

as  a  screening  dev ice  to  he lp  determine  research  pr ior i t ies  by  ident i fy ing

key parameters and assumptions that have significant implications. For

example,  based on the simulation results discussed above,  the question of

s ize -dependent  morta l i ty  in  the  ocean i s  a  cr i t i ca l  assumpt ion  that  i s

worthy  o f  further  e luc idat ion . Being  able  to  just i fy  th is  assumpt ion

requires hard evidence. Simulation can complement but never replace

experimentation. As Grant (1986) notes, “Answers to real-world questions

ultimately must be found in the real world.”

A model with a large number of interacting parameters and variables

prov ides  fer t i le  ground for  hypothes is  generat ion . In the example

appl i cat ion  prov ided , only two major questions were asked: what is the

ef fect  o f  changing  length  and t iming  o f  estuary  arr iva ls  on  terminal

var iables , and how does the impact of these parameters change when the

assumption of  length-dependent survival in the ocean is removed? Many

others could have been posed. For example: What impact will markedly

changing  the  t ime ser ies  o f  growth coe f f i c ients  have  on  the  resul ts? What

happens  i f  the  estuary  surv iva l  rates  are  changed  to  re f lec t  vary ing  smolt

quality at the same time that length and timing of estuary arrivals are

changing? How sens i t ive  are  the  resul ts  to  the  va lue  used  for  the  cr i t i ca l

migration length? These and many other similar questions could be

addressed with the model.

A RESEARCH STRATEGY FOR UNDERSTANDING OF EARLY MARINE SURVIVAL

The evidence for a strong relationship between early marine survival

of salmonids and estuarine and near-shore oceanic environmental conditions

is  substant ia l  and convinc ing . However, the  e f fec t  o f  the  mar ine

environment cannot be viewed in isolation. As Mahnken et al. (1984) note:

Many salmon biologists have held the opinion that the most
important  factors  determining  salmonid  surv iva l  are  o f  the
freshwater environment. It has become clear that the marine
environment is at least as important. However, it would be
unwise to trade one narrow view for another by focusing solely
on the ocean as the determining factor in salmonid  production.
The  u l t imate  ocean surv iva l  o f  sa lmonids  i s  the  resul t  o f  the
interact ion  o f  mar ine  condi t ions  with  the  phys io log ica l  s tate
o f  t h e  f i s h , which was predetermined by its freshwater
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experience. Therefore, i t  i s  necessary  that  research  on  the
ocean survival of  salmonids include the developmental history
and smolt quality of  evaluated populations.

Yearly variations in marine environmental conditions will  continue to

influence the relative success of  mitigation and enhancement measures

within the Columbia which are designed to increase adult run size. Though

nothing  can  be  done  to  in f luence  large -sca le  phys ica l  processes  such  as

upwelling, there are valid reasons for including such processes within the

domain of  applicable research. Better understanding of  early marine

processes offers numerous opportunities for enhancing the success of  the

Fish and Wildlife Program. For example,  Nickelson (1986) demonstrates that

the  re lat ive  marine  surv iva l  o f  wi ld  coho smolts  i s  near ly  twice  that  o f

hatchery-reared smolts in years of  weak upwelling, while survival of  the

two groups is equivalent in strong upwelling years. The obvious question

is why does upwelling have such a powerful influence on hatchery stocks and

not on wild stocks? If  one could f ind ways of  improving the early ocean

survival of  hatchery stocks in weak upwelling years such that it  approached

that  o f  wi ld  s tocks , substant ia l  increases  in  adul t  product ion  could  be

r e a l i z e d . Assuming that weak upwelling occurs at the same frequency as

strong upwelling (since 1958, there have actually been more years of weak

upwel l ing  o f f  the  coast  o f  Oregon than years  o f  s trong  upwel l ing) ,  ra is ing

the  surv iva l  rate  o f  hatchery  s tocks  to  that  o f  wi ld  s tocks  would  be

expected to increase adult production of  hatchery coho salmon by 33

percent.

Research Needs

The major dilemma at this point is how to enhance the early marine

survival  o f  hatchery-ra ised  f i sh . This is not a new question nor is the

answer easy. Since 1983, there have been three noteworthy instances in

which efforts have been made to identify high-priority research which is

needed to address this issue. In 1983 the Cooperative Institute for Marine

Resources Studies sponsored a workshop on “the influence of  ocean

conditions on the production of salmonids in the North Pacific” (Pear-cy

1984). Work groups from this workshop pr-educed recommendations for

research  on  salmonid  growth and survival  in  four  areas :  coasta l  reg ions ,

estuar ies  and in lets ,  hatcher ies ,  and  oceanic  area.s.  A  s imi lar  workshop in
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1985 was sponsored by BPA and addressed issues in “improving hatchery

e f f e c t i v e n e s s  a s  r e l a t e d  t o  smoltification”  (Bouck 1 9 8 7 ) . A final product

of this workshop was a l ist  of  twenty-one recommended research projects,

ranked according  to  pr ior i ty . This same topic has also been considered by

the technical work group on improving hatchery effectiveness established by

the Northwest Power Planning Council in 1987.

These  co l laborat ive  e f for ts  have  prov ided  va luable  opportuni t ies  for

discussion and synthesis among researchers and managers working on

different aspects of  the same general problem. Individuals who are highly

qual i f i ed  to  ident i fy  research  pr ior i t ies  have  been  invo lved  in  these

efforts and we respect their judgement. The research recommendations of

these work groups provide an excellent starting point from which to proceed

to the more specific tasks of  designing and implementing research projects

intended to reduce the uncertainty surrounding early marine survival.

In their recommendations, the workshop participants and the technical

work group consistently emphasize the need for better understanding of  the

relationship between smolt “quality” and marine survival. Four basic

aspects of smolt quality are commonly mentioned:

(1 )  phys io log ica l  readiness  o f  the  smol ts  to  enter  seawater ,

(2) incidence of  disease and other causes of  undue stress,

( 3 ) s ize  o f  indiv idual  smol ts  at  seawater  entry ,  and

(4)  t iming  o f  entry  into  the  marine  environment .

The general consensus is that understanding of the relative importance of

each of  these is contingent upon the development of  indices which

accurately measure (1) and (2) above, and an extensive and rigorous data

co l lec t ion  e f for t  which  dut i fu l ly  records  a l l  o f  the  in format ion  necessary

to  quant i fy  the  above  four  factors ,  hatchery  rear ing  condi t ions ,  re levant

environmental factors, and smolt - to -adult  surv ival  for  hatchery  s tocks

within the Columbia Basin.

The Use of Models

Implicit  in much of the research which has been proposed is the

assumption that a comprehensive and systematic study of the impact of

hatchery  rear ing  condi t ions  and re lease  s trateg ies  on  smolt - to -adul t
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survival  for  each  s tock  would  resul t  jn a  predic t ive  model  o f  surv iva l .

This model could then be used to design a rearing and release strategy that

would enhance the chances of  survival for each stock. The  type  o f  analys is

that  i s  suggested  by  th is  approach  i s  a long  the  l ines  o f  a  mult ivar iate ,

l inear  (or  non- l inear )  regress ion  analys is . Such an analysis would produce

a statistical model with useful predictive properties from an immediate

management perspective, but would have severe l imitations as a long-range

research planning tool.

There are important distinctions between what Caswell  (1976) describes

as  models  for  predic t ion  (usual ly  der ived  through s tat is t i ca l  analyses )  and

models for understanding. An example of  a predictive model is  a multiple

regression model in which only those factors which explain a significant

portion of  the observed variation are included within the model.

Predictive models can be quite accurate while having an underlying

structure which bears l ittle relationship to the phenomenon(a) being

modeled. For example, one might construct a multiple regression model

which  expresses  juveni le  growth rate  in  hatcher ies  as  a  funct ion  o f  rear ing

densi ty , water temperature,  water f low, and nutritional measurements.  By

us ing  a  ser ies  o f  contro l led  exper iments  in  which  a l l  o f  the  factors  are

systemat ica l ly  var ied , one might derive an empirical relationship which is

quite valuable to the hatchery manager.

In such cases, i t  i s  re lat ive ly  unimportant  that  a  l inear  model  (or

even a nonlinear model)  is  at best a gross approximation of  the complex

relationships among the many factors that affect the output,  as long as the

models are suitably accurate for their intended purposes. However, an

important constraint on the use of  these models is that they apply only to

the  factors  and  the  range  o f  condi t ions  that  were  inc luded  in  the  or ig inal

experiments. They cannot be applied in situations where certain  factors

occur at levels outside the experimental range, or  where  addi t ional  fac tors

a r e  i n v o l v e d  ( e . g . , in the example above, the use of supplemental oxygen

would preclude use of  the model) .

In  contrast  to  models  for  pl-ediction, models folr understanding are

judged more by their ability to provide insights into how a system Opel-ates

than the  accuracy  o f  the ir  predic t ions . Developers of  such models focus on

1-5-33



the interactions among system components and hypothesize relationships

based on ecological theory and observations.  The example model which was

developed for the estuary and early ocean l i f e  s t a n z a  i s  o f  t h i s  t y p e .

Models such as the EEO model can play a vital role in research planning.

Whereas  the  goa l  o f  research  task  i s  to  test  hypotheses ,  theoret i ca l ly

sound models can assist in the planning process by anticipating observable

phenomena which should result i f  a given hypothesis is true. In the

s t r i c t e s t  s e n s e , observat ion  cannot  ver i fy  a  hypothes is  but  i t  can  re fute

certain hypotheses while corroborating others. The  best  corroborat ion  o f  a

hypothes is  i s  the  predic t ion  o f  an  event  or  observat ion  that  cannot  be

explained by alternative hypotheses.

Stat is t i ca l  models  which  are  based  on  past  or  ex is t ing  condi t ions  in

the  Columbia  Bas in  wi l l  be  o f  l imited  ut i l i ty  for  predic t ing  the  impacts  on

the fisheries of  changes in the system which are expected to result from

implementation of the Fish and Wildlife Program. The number of hatchery-

reared smolts reaching the Columbia Estuary could increase dramatically in

the next few years and there could be substantial  changes in the species

and stock composition, and in  the  phys io log ica l  condi t ion  o f  these  smolts .

Questions about the ability of  the estuary and coastal region to support

increased numbers, and the future importance of  interactions between stocks

w i l l  a r i s e . Research is needed to address these questions,  and modeling

should be an important component of that research. Stat is t i ca l  models

derived through regression analysis may be important in the short term to

improve t h e  e f f i c i e n c y  o f  e x i s t i n g  h a t c h e r i e s , but a more forward-looking,

dynamic modeling process is needed to anticipate future changes.

A Process for Reducing Uncertainty

Reducing uncertainty within the Columbia Basin should be viewed as an

i t e r a t i v e , s ix -s tep  process  in which theoretical models are used within the

research process to suggest needed research (Figure 5.11). These six steps

are described below.

Step 1 - Conceptualization. Existing information, models,  and data are

brought together and used to formulate alternative hypotheses about

how the system operates.
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Figure 5.11 Flow Diagram of the Iterative Process for Increasing
Understanding.
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Step 2

Step 3

Step 4

Step 5

Step 6

Model Building. Alternative models are constructed which reflect the

hypothesized relationships among system components. Existing data

are used to estimate model parameters,  as appropriate.

Model Analysis. Simulations under varied conditions and using

alternative hypotheses are performed. The simulation results are

compared and critical  differences between models ( in terms of  model

p r e d i c t i o n s )  a r e  i d e n t i f i e d .

Research Design. Controlled experiments or adaptive management

measures are planned, the  resul ts  o f  which  should  re fute  at  l east  one

hypothesis.

Experimentation. The planned research is executed.

Evaluation. Experimental results are compared to model predictions

leading  to  the  re jec t ion  o f  cer ta in  hypotheses  and  to  the

corroborat ion  o f  o thers . Return to Step 1.

In time, our understanding of the system should increase,  the models should

become more  real is t i c  in  s tructure , and there should be a corresponding

increase  in  the  accuracy  o f  model  predic t ions .

The questions of who should maintain the models and who should plan the

research is one which should be decided within the region. I t  i s  important

that  the  organizat ion  g iven  custody  o f  the  model  and  respons ib i l i ty  for  the

research have a long-standing commitment to increasing understanding of early

marine processes. They  should  a lso  be  in  the  pos i t ion  o f  be ing  ab le  to  p lan

and execute the necessary research. Technical work groups, while having the

advantage of  diverse representation from a variety of  agencies,  are probably

not appropriate for long-term maintenance of  such an effort. A more prudent

approach may be to house the effort within one of  the existing agencies such

as the National Marine Fisheries Service and solicit  input from other

individuals and organizations on a regular basis. Cons ider ing  the  var ie ty  o f

agencies which have an interest in early marine survival of  salmonids,

opportunities for cooperative funding and research should exist.
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CONCLUSIONS

The most promising research strategy for reducing the uncertainty

concerning early marine survival is systemwide and comprehensive;  it  must be

more than an ad hoc approach to a series of  isolated problems. Indeed, the- -
combination of  modeling and research which is described above and il lustrated

in Figure 5.11 could be a productive approach to improved understanding of  the

entire range of  biological questions involved in salmon and steelhead

production. The key to this approach is to use research and management

act ions  to  test  spec i f i c  hypotheses , and to view modeling as a dynamic process

that  fo l lows  the  learning  curve . Collecting data in the hope that someone

might someday be able to make sense of it, and building models based on

hypotheses that can neither be refuted nor corroborated, are two classic ways

of wasting valuable resources.
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Chapter 6

MODELING THE LATE OCEAN LIFE STANZA

INTRODUCTION

Most of  the research on the late ocean component of  the salmon li fe

cycle historically has focused on sport and commercial ocean harvest.

Consistent with this view, a discussion of  ocean harvest issues can be

found in Part II of  this volume. In  addi t ion ,  Part  I I I  out l ines  a

mathematical programming approach to address the question of optimal

a l locat ion  o f  f i sh ing  e f for t  among severa l  s tocks ,  set  wi th in  prescr ibed

b i o l o g i c a l  a n d  a d m i n i s t r a t i v e  c o n s t r a i n t s .  B u t  a l l o c a t i o n  o f  h a r v e s t  i s

not  the  only  i ssue  o f  importance  in  the  ocean f i sher ies . Eco log ica l  i ssues

such as  growth rates ,  s ize  s tructure , and age at sexual maturity interact

with  harvest  rates  to  in f luence  the  re lat ive  product iv i ty  and  f i tness  o f  a

stock . These interactions can be conveniently explored with simulation

models. As an example, this chapter describes a model which allows one to

address  interest ing  eco log ica l  quest ions  in  addi t ion  to  harvest .

Two of the more important characteristics of  a salmonid  stock from a

management perspective are age and size at adulthood, which are determined

by growth rates and maturity schedules. S ince  fecundi ty  general ly

increases with increasing age and size in salmon, these factors are

important determinants of  the reproductive potential  of  a stock. The

reproductive potential  is  a vital  component of the compensatory capacity of

a stock to withstand harvest and environmental degradation. Growth rates

and maturity schedules may also affect the economic value of  the harvest.

Salmon generally are sold by weight, and different species may be harvested

a t  d i f f e r e n t  s t a g e s  i n  t h e i r  l i f e  c y c l e . For example, pink, chum, and

sockeye salmon are harvested as the fish are returning to their natal

streams to spawn and growth is completed. In  contrast , chinook and coho

salmon are extensively harvested in the ocean during periods of  rapid

growth (Peterman 1985; Ricker  1981). Selective harvest pressures may alter

the  genet i c  compos i t ion  o f  s tocks  o f  a l l  spec ies ,  but  espec ia l ly  o f  ch inook

and coho salmon, by removing faster-growing or later--maturing fish from the

I - 6 - 1



gene pool . This can result in decreased mean age and size at maturity

(Hankin and  McKelvey  1985 ;  Ricker 1981) .

A number of authors have investigated the competitive advantages

o f fered  to  sa lmon by  var ious  l i f e  h is tory  s trateg ies  or  p last i c i ty  in  age

and size at sexual maturity. Schaffer  and Elson (1975),  Healey and Heard

(1984, 1985), Stearns and Crandall  (1984),  van den Berghe  and Gross (1984),

Gross (1985),  and Holtby and Healey (1986) discuss the evolutionary

theor ies  invo lved  and  prov ide  spec ies -spec i f i c  appl i cat ions . The general

consensus  o f  these  authors  i s  that  var iab i l i ty  or  p last i c i ty  in  age  and

size at maturity is advantageous for most populations. However, there are

situations in which smaller , younger-maturing fish might have an advantage,

or  in  a l ternat ive  c i rcumstances , larger ,  o lder -matur ing  f i sh  might  be

p o s i t i v e l y  s e l e c t e d . An example of  the former is a situation in which

there is an extensive ocean fishery which harvests a higher percentage of

o lder -matur ing  f i sh  than f i sh  matur ing  ear l ier . A l t e r n a t i v e l y ,  s t o c k s

which require extensive energy reserves to make a prolonged spawning

migration might be expected to have a higher percentage of  larger,  older

f i sh  success fu l ly  spawning .  Apparent ly , age and size of  maturity is not

influenced only by genetic composition, but environmental conditions as

w e l l  ( B i l t o n  e t  a l .  1 9 8 2 ;  Peterman 1 9 8 5 ) . Conditions favorable to rapid

growth dur ing  the  ear ly  years  o f  l i f e  seem to  lead  to  ear l ier  ages  at

maturity.

The example model presented here allows one to experiment with various

combinations of growth rates,  harvest rates, and mechanisms for determining

the fraction of the population which matures each year (return schedules).

Options are provided such that one can specify return schedules as a

function of  both age and size. Other models which have been applied to

Columbia stocks (e.g. Johnson 1975, 1978; Webb et al. 1986) do not permit

t h i s  f l e x i b i l i t y . Output from the model includes age and length

distr ibut ion  o f  returning  adults . This output can be combined with

external  in format ion  inc luding  length- fecundi ty  re lat ionships  to  produce

est imates  o f  reproduct ive  potent ia l .
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MODEL CONCEPTUALIZATION AND STRUCTURE

Conceptually, the model follows a single cohort from January 1 of  the

calender year subsequent to marine entry until  all  members of  the cohort

have returned to the mouth of  the Columbia or died (referred to here as the

“late  o c e a n ”  l i f e  s t a n z a ) . The model includes components of fish growth,

natural  mortal i ty ,  harvest  mortal i ty , and age and length at maturity. The

f i rs t  three  o f  these  processes  are  represented  s impl is t i ca l ly . Fish enter

the model at a certain age (depending on their age at smolting) and with an

assumed lognormal length distribution specified by the input parameters.

Fish numbers and the length distribution are then modified in each time

step . The initial  t ime step refers to the period between January 1 and the

mean date at which the youngest-maturing fish (usually jacks) return to

t h e i r  n a t a l  r i v e r . The  length  o f  th is  t ime  s tep  wi l l  depend on  the  l i f e

history  character is t i cs  o f  the  s tock  in  quest ion . Subsequent time steps

refer to a one year period between spawning migrations.

During each time step in the model, the number of fish remaining in

the ocean is updated according to the equation:

N t+l = Nt x (1 - ht) x (1 - mt) x (1 - rt), (6-l)

where N refers to number of f ish remaining in the ocean, h,  m and r refer

to  the  probabi l i ty  o f  be ing  harvested ,  dy ing  o f  natural  causes ,  or

returning  to  spawn,  respect ive ly , in  the  t ime per iod  t  to  t+ l . Parameter

vectors k and m are constants specified by the model user in the control

parameter set. Values  for  rt are derived in a more complicated fashion

discussed below. A compensatory process is assumed such that:

Number harvested (Ht)  = Nt x ht, (b-2)

Number died $1 = Nt x (1 - ht) x m
t ’ (h-3)

Number returning (Rt) = Nt x (1 - ht) x (1 - mt) x L- .
t

( 6 - 4 )

The  length  d is tr ibut ion  o f  f i sh  remaining  in  the  ocean i s  modi f ied  in

a two step process representing the two mechanisms by which this

distribution is changed, growth and emigration. Because  f i sh  length  (L)  i s

assumed to follow a lognormal distribution, as is appropriate when growth

i s  p r o p o r t i o n a t e  t o  s i z e  ( B o s w e l l  e t  a l .  1979),  t h e  b u l k  o f  t h e
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ca lculat ions  are  per formed us ing  the  natural  log  t ransformat ion  o f  f i sh

l e n g t h  ( 1 ) . Prior to updating fish numbers,  the expected value of  the

natural  l og  o f  f i sh  length  (IJ,) i s  increased  by  the  va lue  o f  the  growth

c o e f f i c i e n t  (g,). This  represents  a  proport ionate  increase  in  length  for

a l l  members  o f  the  populat ion  by  a  fac tor  o f  exp{gt].  The  growth

c o e f f i c i e n t  v e c t o r  (g> i s  c o m p o s e d  o f  c o n s t a n t s  s p e c i f i e d  i n  t h e  c o n t r o l

parameter set. Following the calculation of  numbers and size of  f ish

returning  (d iscussed  be low) ,  IJ~ is adjusted for emigration using the

equation:

9, t+l = Wt - Ht - Mt) x ul t) - U$ x ur $1 / Wt - Ht - Mt), (e-5)9 ,

where u
r,t

refers to the mean length of f ish returning to spawn. This

formulat ion  assumes  no  s ize -se lect ive  morta l i ty  factors  with in  age  c lasses .

The  s tandard  dev iat ion  o f  the  natural  l og  o f  f i sh  length  (al),  i s  assumed

to remain constant over time. Though s ize -se lect ive  emigrat ion  wi l l  a f fec t

the  var iat ion  in  length , th is  re lat ionship  i s  not  incorporated  in  the  model

because other factors omitted from the model may affect u1 as well .

Lacking any information on the sum effect of  all  factors on length

variance, assuming a constant value for u1 seems appropriate.

The numbers and length of maturing fish that return to the river at

each time step is a function of the minimum maturing length (lm t) and the

probabi l i ty  o f  matur ing  (p,),  g iven  that  an  indiv idual  i s  large; than lm t.

Generally, these parameters are specified in the control  parameter set a;d

a r e  a g e - s p e c i f i c . The  probabi l i ty  o f  return  (rt) i s  ca lcu lated  as  the

product  o f  the  probabi l i ty  o f  be ing  greater  than lm t in  length

(endogenously determined) and pt. An option in the’model allows one to

s imulate  the  spec ia l  case  where  returning  f i sh  const i tute  the  largest  f i sh

in  the  cohort . I n  t h i s  f o r m u l a t i o n ,  rt e q u a l s  p,, a n d  t h e  v a l u e  o f  lm t i s

determined within the model such that the probability of  being larger ;han

1 m t is equal to pt. T h e  v a l u e  o f  ur t, used  in  equat ion  (6-5),  i s

obiained  b y  i n t e g r a t i n g  x-f(x) o v e r  tie r a n g e 1 m t to “1 t
+ 30 ] where

f (x )  re fers  to  the  normal  probabi l i ty  dens i ty  fu;ction.
1

ill l e n g t h

comparisons and calculations are made after length is adjusted for growth.
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APPLICATION AND RESULTS

The model was applied to a single cohort from a fictitious spring

chinook stock which migrates as yearling smolts and returns after spending

1 to 5 winters in the ocean. The  purpose  o f  th is  appl i cat ion  i s  to  exp lore

the relative importance of  selected mechanisms which affect the age and

s ize  s tructure  o f  matur ing  adults  and the  potent ia l  impl i cat ions  for  s tock

reproduct ive  potent ia l . For  sake  o f  s impl ic i ty , t h e  i n i t i a l  c o h o r t  s i z e

was set at 100,000. Parameter values used in the model application (Table

6.1) were chosen such that they would be generally consistent with l i fe

h is tory  and harvest  parameters  g iven  in  the  l i terature  (e .g .  Howel l  e t  a l .

1985; Council  1986) but are not meant to represent any particular Columbia

River  s tock . No attempt was made to verify the model through rigorous

comparisons with empirical data.

Three  scenar ios  were  constructed  to  represent  d i f ferent  l i f e  h is tory

strategies regarding age and length at maturity. I n  t h e  f i r s t  s c e n a r i o

(Case  l), it is assumed that the largest f ish in each age class mature each

y e a r  (Prob(1 > lm t) =  p,). In the second scenario (Case 2), maturing fish
t

are larger in size than other members of  the cohort during the early years

but become progressively more representative of  the entire ocean population

i n  l a t e r  y e a r s  ( i . e . ,  Prob(1 >  1 m t) = 0 . 1 6 ,  0 . 5 ,  0 . 7 5 ,  0 . 9 8 ,  0 . 9 9 ;  f o r  t  =

1  t o  6 ,  r e s p e c t i v e l y ) . In  the  fiAa1 scenar io  (Case  3), a l l  but  the  very

smallest f ish in the cohort had an equal probability of  maturing each year

(Prob(1 > 1 m t) = 0 . 9 9 4 ;  f o r  a l l  t ) . Each scenario was simulated under two

condit ions , ioderate  ocean harvest and no harvest.

In order to evaluate the relationship between return schedules and

reproduct ive  potent ia l , es t imates  o f  potent ia l  egg  product ion  for  each

simulated cohort were calculated. The potential number of eggs produced at

each time step was estimated as the product of  number of  f ish maturing, the

fract ion  that  are  female  ( the  va lues  used  were  0 .2 ,  0 .5 ,  0 .6 ,  0 .6 ,  and 0 .8

for  t=l to  5 ,  respect ive ly )  and  the  average  fecundi ty  va lue  ca lcu lated

using the mean length of f ish maturing in that time step and the length-

fecundity equations given by Healey and Hear-d (1984) for Columbia River

chinook salmon. Healey and Heard (1984) f irst convert fork length (FL) to
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Table 6.1 Parameter Values Used in the Model Application for Each
Scenario. See text for complete scenario and parameter
descr ipt ions .

Parametera

Initial number

Scenario
Time
step(t) Case 1 Case 2 Case 3

0 100,000 100,000 100,000

=1 a l l 0.1811 0.1811 0.1811

hb
t 1 0 0 0

2 0 .14 0 .14 0.14
3-5 0 . 2 0 .2 0 . 2

mt l - 4 0 . 5 0 . 5 0 . 5
5 0.95 0.95 0 .95

Pt 1 0.01 0.063 0.01
2 0 .1 0 .2 0 .1
3 0 . 6 0 . 8 0 . 6
4 0 . 9 0.95 0 . 9
5 1 .0 1 .0 1 .0

gt

1 c
m, t

1 0.43 0 .43 0 .43
2 0.36 0 .36 0.36
3 0.31 0.31 0.31
4 0.09 0 .09 0 .09
5 0.01 0.01 0.01

1 6.528 6.288 5.650
2 6.694 6.467 6.014
3 6.692 6.654 6.324
4 6.422 6.505 6.414
5 6.422 6.330 6.424

aParameters: s tandard  dev iat ion  o f  t rans formed length  (al),  prob .  o f
harvest  (h ), natural  morta l i ty  prob .
c o e f f i c i e n t  (g,),

(m ), prob .  o f  matur ing  (p  ) ,  growth
and minimum transforme?!  length at maturity (lmtt).

9
bHarvest rates  in  e f fec t  dur ing  ocean harvest  condi t ions .

‘Calculated internally by model in Case 1,  user-defined otherwise.
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postorbit-hypural length (POH) according to the equation: POH = 0.761FL  +

47.2 . Fecundity  i s  then  ca lculated  according  to  the  log - l inear

re lat ionship : loge(fecundity)  = 1.754[10ge(POH)]  - 2 . 9 5 . This

relationship is based on data reported by Galbreath and Ridenhour (1964);

fecundity estimates based on the l inear relationship reported in Galbreath

and Ridenhour (1964) will  not substantially differ from those derived here.

Summing the potential  egg production over all  t ime steps gave the total

reproduct ive  potent ia l  (unadjusted)  for  the  s imulated  s tock .

In order to simulate environmental conditions that might favor larger

f i s h  ( e . g . , a demanding upstream migration) an index of  relative f itness

(Ft) was introduced based on fish length. This index was standardized such

that f ish with the highest mean length at return in the exercise (denoted

lJ r,max ), would have an index value of  unity;  all  others would have an index

v a l u e  p r o p o r t i o n a t e l y  s m a l l e r  ( i . e . ,  Ft =  ur t / ur max). This factor was

incorporated in the product determining poteAtia1  egg production, discussed

above, and following summation produced an adjusted estimate of  total egg

production.

The parameter values for p, and lm t used in the model were

de l iberate ly  chosen  such  that  there  would be  l i t t le  var iat ion  in  numbers

and age distributions among results from the three scenarios. This permits

one to focus on the impact of  harvest and varying lengths at maturity

without the confounding problem of differences in age at maturity. The

results suggest that harvest reduces the number of returning adults and

shi f ts  the  age  d is tr ibut ion  o f  f i sh  in  the  ocean and o f  re turning  adul ts

towards younger fish (Table 6.2). This  occurs  because  o lder  f i sh  are

exposed to higher levels of  cumulative harvest in the model. Also ,  because

of the compensatory nature in which harvest is incorporated in the model,

harvest totals are much greater than the difference between the number-  of

returning adults under harvest and no harvest conditions. For example,

under the ocean harvest conditions specified, roughly  11% o f  the  f i c t ional

cohort were harvested, 8% returned to the r-iver  mouth and 80% were lost to

natural  morta l i ty  averaged  acr-oss  a l l  scenar ios . With no harvest,  the

percentage returning increased by three percentage points. The three

scenarios exhibit the most pronounced differences among them in the mean

lengths  o f  returning  adults  and o f  f i sh  remaining  at  sea  (Figur-e 6 .1 ) .  In
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Table 6.2 Model Numeric Output Based on an Initial  Population of
100,000 Individuals. Values in the table refer to numbers
o f  f i sh  under  spec i f i ed  condi t ions . See text for complete
descr ipt ion  o f  model  appl i cat ion .

No Ocean Harvest Modest Ocean Harvest

Agea
Remaining Returning Remaining Returning

Case in ocean to spawn in ocean to spawn Harvest

1 3 49,500 500 49,500 500 0
4 22,275 2,475 19,156 2,129 6,930
5 4,455 6,683 3,065 4,598 3,831
6 223 2,005 123 1,103 613
7 0 11 0 5 25

Tota l 11,674 8,335 11,399

2 3 49,504 476 49,504 476 0
: 22,313 2,439 19,189 2,097 6,931

4,762 6,395 3,376 4,400 3,838
6 352 2,028 194 1,116 655
7 0 15 0 7 39

Tota l 11,353 8,089 11,463

3 3 49,504 496 49,504 496 0
4 22,295 2,457 19,174 2,113 6,931
5 4,510 6,638 3,103 4,567 3,835
6 242 2,013 133 1,108 621
7 0 12 0 5 27

Tota l 11,616 8,289 11,414

aRefers  t o  y e a r  o f  l i f e . All  f ish are assumed to enter the ocean
during their second year.
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Case 1 and Case 2, mean lengths in year 6 decreased from the peak length

atta ined  in  year  5 . This occurs because the larger members of the cohort

have  matured  and  returned  to  the  r iver  by  the  end  o f  the  f i f th  year  o f  l i f e

and only the smaller, slower growing members (in absolute terms) of  the

cohort remain in the ocean. The increase in mean length due to growth

during the remaining time periods is not sufficient to overcome the

reduction in mean length due to emigration of the larger individuals.

Since size-selective emigration is reduced in Case 3,  the mean length at

return  beg ins  at  the  lowest  leve l  observed  and increases  s teadi ly  unt i l  the

f i n a l  y e a r . The mean lengths of  f ish remaining in the ocean and of

returning  adults  exhib i t  s imi lar  patterns  except  that  the  re lat ive  ranking

of  the  three  scenar ios  i s  reversed . Case  3  cons is tent ly  exhib i ts  the

largest ocean size,  fol lowed by Case 2 and Case 1. Harvest does not affect

the  length  at  return  for  indiv idual  age  c lasses  but  does  decrease  the

overall  mean age and length at return. This  occurs  by  shi f t ing  the  age

distribution towards younger, smaller individuals (without harvest,  mean

a g e  = 3 . 8 8 ; with harvest, mean age = 3.76). As one might expect,  the

decrease in overall  mean length at maturity is most pronounced in Case 3.

Percent decreases in mean length at maturity were O.l%, 1.3%, and 2.5% for

Cases 1, 2 ,  and 3 ,  respect ive ly .

Potential  egg production (adjusted and unadjusted for size-dependent

fitness) as calculated above were expressed in terms of  reference to 1000

maturing adults (both sexes combined) for no-harvest conditions and for

1000 and 714 maturing adults when harvest occurred. The  d i f ferences

between reproductive potential  estimates based on 1000 adults under harvest

and no-harvest conditions reflect only the impact of  reducing the mean age

and length of maturity through harvest. Estimates based on 714 maturing

adults include the reduction in numbers of  returning adults observed under

harvest  condi t ions , combined with the effect of reducing the mean age and

length at maturity. The estimated values of  potential  egg production were

used  to  compute  three  indexes  o f  re lat ive  reproduct ive  potent ia l . Index

values  re f lec t  the  reproduct ive  potent ia l  under  the  condi t ions  spec i f i ed

re lat ive  to  a  s tandard  condi t ion . Two indexes of  comparative reproductive

potential (CRP: unadjusted, and CRPA: adjusted for length-dependent

f i t n e s s ) , were standardized such that under Case 3 and no harvest, these

indices had a value of  one. The third index, reproduct ive  potent ia l
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sens i t iv i ty  (RPS) , is a measure of  population reproductive robustness and

compares  reproduct ive  potent ia l  wi th in  l i fe  h is tory  s trateg ies . It was

standardized such that the unadjusted reproductive potential  estimate for

each case under conditions of  no harvest had a value of  one. The range of

va lues  exhib i ted  by  th is  index  with in  each  case  re f lec ts  the  re lat ive

s e n s i t i v i t y  o f  a  s t o c k , in  terms o f  reproduct ive  potent ia l ,  to  factors

influencing the age and size structure of  mature adults.

For each index, calculated values were highest for Case 1,  and

followed in decreasing magnitude by Cases 2 and 3 (Table 6.3). The

relative advantage of  having the larger members of  each cohort mature

e a r l i e r  ( o r  a l t e r n a t i v e l y  s t a t e d , having the slower growing members mature

later)  increased when length-dependent f itness was included. CRPA values

were greater than CRP values for Cases 1 and 2,  but not for Case 3;  the

largest difference between related index values occurred between Case 1 and

Case 3 when both harvest and size-dependent f itness were in effect (1.147 -

0 . 9 3 9  = 0 . 2 0 8 ) .

DISCUSSION

An analys is  o f  the  indices  presented  in  Table  4  suggests  that  a  l i f e

history strategy in which the larger fish of each cohort mature each season

of fers  severa l  compet i t ive  advantages  under  spec i f i c  condi t ions .  To

review, the assumptions inherent in the model include: (1)  harvest is age-

dependent but not size-dependent; ( ‘2)  fecundity is size-dependent but not

age-dependent ;  (3 )  the  a  pr ior i  probabi l i ty  o f  matur ing  at  a  g iven  age  i s-~
f i x e d ; and (4 )  sex -rat ios  o f  matur ing  adul ts  by  age  are  f ixed . Under these

condi t ions , having size-dependent maturation schedules results in a higher

abso lute  reproduct ive  potent ia l  and  less  sens i t iv i ty  to  cumulat ive

morta l i ty  processes ,  such  as  harvest , which deer-ease the mean age at

maturity. The assumption that fecundity is a monotonically increasing

f u n c t i o n  o f  f i s h  l e n g t h  i s  b a s i c to the displayed model behavior. I t  has

been observed  that  f i sh  length ,  whi le  s igni f i cant ,  general ly  accounts  for

less  than 50% o f  the  to ta l  var iat ion  observed  in  fecundi ty  o f  ch inook

salmon (Healey and Heard 1984). This suggests that simply equating

relative reproductive success with fish length may have over-estimated the
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Table 6.3 Relative Reproductive Potential of  Fish Stock Under Each
Scenario and Harvest Condition. See  text  for  d iscuss ion  o f
indexes.

Conditions

No Harvest

Basisa CRP CRPA
RPS

unad j . adjusted

Case 1 1,000 1.109 1.111 1.0 0.947
Case 2 1,000 1.067 1.099 1.0

3
0.930

Case 1,000 1.0 1 .0 1 .0 0.903

Modest Harvest

Case 1 1,000 1.092 1.147 0.983 0.932
Case 2 1,000 1.032 1.056 0.967
Case 3

0.893
1,000 0.952 0.939 0.952 0.848

Case 1 714 0.780 0.819 0.702 0.665
Case 2 714 0.737 0.754 0.690 0.638
Case 3 714 0.680 0.670 0.680 0.605

aNumber  of  maturing adults (both sexes combined) on which the
reproduct ive  potent ia l  es t imate  i s  based .
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importance  o f  f i sh  s ize , but  i s  unl ike ly  to  have  a f fec ted  the  re lat ive

ranking  o f  the  prescr ibed  l i fe  h is tory  s trateg ies .

It  would be inappropriate to attach unwarranted significance to the

implications suggested by this example model application. The scenarios

deve loped  here  are  intended  to  i l lustrate  the  ut i l i ty  o f  model ing  the  la te

ocean component in non-traditional ways and exploring various hypotheses

concerning life history strategies and their management implications.

Considerable refinement of model parameter values, comparison with

empirical data, and a thorough discussion of model structure and results

with reference to sound evolutionary theory are needed to adequately assess

model  integr i ty . However, if  one accepts for the moment that the model

captures a semblance of  real-world truth, then interesting management

implications emerge.

Consider a situation, such as might exist in the Columbia River Basin,

where a management agency is trying to rebuild a severely depressed chinook

salmon population in an upriver tributary. Improvements have been made

such that there is plenty of  adequate spawning and rearing habitat

avai lab le  but  a  scarc i ty  o f  spawning  adults  inhib i ts  the  rebui ld ing  e f for t .

A  dec is ion  i s  made  to  use  outp lant ing  o f  juveni les  to  bo ls ter  product ion

and the management agency is in search of a suitable parental stock,

spawning stock native to the area being unavailable. The model results

d iscussed  above  would  suggest  that  a  favorable  character is t i c  o f  the

parental stock would be that the larger members of each cohort mature

e a r l i e r . Such stocks should be distinguishable by the relative shape of

the mean length versus age at maturity curve (e.g. ,  Figure 6.1). Having a

higher  re lat ive  reproduct ive  potent ia l ,  these  s tocks  should  be  ab le  to

co lonize  the  area  at  a  faster  rate . Naturally, o ther  factors  invo lved  in

outplanting would be considered as well .

CONCLUSIONS AND FUTURE RESEARCH NEEDS

The model ,  as  current ly  presented ,  represents  an  invest igat ive  too l

which can be used to explore hypotheses concerning important ecological

mechanisms operating in the late ocean component of the anadromous salmonid

l i f e  c y c l e . The model has the potential to be useful in future management
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of Columbia River Basin salmon and steelhead stocks. Because  i t  eas i ly

f i t s  wi th in  the  s imulat ion  s tructure  be ing  deve loped  to  represent  the  l i f e

cycle of anadromous salmonids, and produces results with potential

management implications, it should be included among those components

rece iv ing  further  invest igat ion  and re f inement .

The model can and should be modified to suit  the needs of  the

researcher or manager interested in its use. Those interested in improving

the  accuracy  o f  model  predic t ions  wi l l  f ind  i t  necessary  to  expend the

majority of  effort towards refining model parameter estimates such that

model behavior adequately mimics empirical data. Appl i cat ion  to  a

part i cular  s tock  wi l l  require  in format ion  on  harvest  rates ,  natural

mortal i ty , and  age - length  re lat ionships  o f  f i sh  in  the  ocean  and  o f

returning adults. Information on harvest rates,  age,  and length should be

available for certain stocks from mark-recovery data, data from hatchery

returns, and spawning area surveys. Accurate estimates of  natural

m o r t a l i t y  r a t e s  w i l l  b e  d i f f i c u l t  t o  o b t a i n  d u e  t o  a  v a r i e t y  o f  f a c t o r s

( see  Furnell and  Bret t  1986 ;  Ricker 1976) . Model  pred ic t ions  wi l l  be

sens i t ive  to  prescr ibed  natural  morta l i ty  va lues . One might find it

convenient to constrain the model such that a desired age distribution is

produced for a given set of  harvest,  growth, and maturity parameters and

treat one or more of  the natural mortality parameters as variables. One

can then compare natural mortality estimates obtained in this fashion with

those obtained independently as a check on the integrity of  the model and

the defined parameter set.

Those individuals who are more interested in theoretical applications

wi l l  f ind  the  f lex ib i l i ty  o f  the  model  use fu l  and  may even  wish  to  a l ter

model  s tructure  to  a l low greater  f lex ib i l i ty . One such alteration would be

an expansion to permit tracking of individual sexes. There  i s  ev idence  to

suggest that males and females may not be subjected to identical selective

pressures  in regard to length at maturity (Gross 1985; Holtby and Healey

1986);  it  might be interesting to include sex-dependent mechanisms in the

model. While theoretical application would profit  from improvements in

model parameter estimates, t h e  u t i l i t y  o f  s u c h  a p p l i c a t i o n s  i s  n o t  o v e r t l y

dependent on accurate parameter estimates since comparisons generally are

made in relative rather than absolute terms.
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Chapter 7

MODELING THE UPSTREAM MIGRATION OF ADULT SALMONIDS

INTRODUCTION

Hydroelectric development of the Columbia River Basin poses major

obstacles for adult Pacific salmon and anadromous trout trying to return to

their natal spawning areas. The dams which clog the mainstem  Columbia

River and its major tributary, the Snake River, e f f e c t i v e l y  b l o c k  o r  i m p a i r

the upstream migration of f ish. Dams which are not equipped with fish

p a s s a g e  f a c i l i t i e s , such as Chief Joseph and Hells Canyon, prevent

anadromous fish from using large areas where natural spawning occurred

h i s t o r i c a l l y . Downstream, run-of-river dams equipped with fish ladders

have  less  obvious ,  but  equal ly  rea l ,  impacts . Poor  des ign  or  ine f f i c ient

operat ion  o f  insta l led  passage  fac i l i t ies  can  resul t  in  de lay  or  morta l i ty

o f  migrat ing  f i sh , thus reducing the numbers or f itness of  adults reaching

upstream spawning areas.

The potential impact of  dams on migrating adult salmon is best

understood  in  the  context  o f  the  b io log ica l  constra ints  imposed  on  these

f i s h . Pac i f i c  sa lmon are  semelparous ,  i . e . , they mature and spawn only

once before dying. As  these  f i sh  return  f rom the  ocean to  nata l  r ivers ,

phys io log ica l  changes  occur  which  permit  the  f i sh  to  to lerate  f reshwater

and also prepare them for spawning. Banks (1969) review of the l iterature

on the upstream migration of  adult salmonids raises the following

cons iderat ions . Since Pacific salmon stop eating upon entering fresh

water, the  energy  r-equired for  bas ic  metabol i c  processes ,  reproduct ion ,  and

locomot ion  must  come ent ire ly  f rom bodi ly  reserves .  To  be  success fu l ,

spawners must make efficient use of  the energy available to them. I d l e r

and Clemens (1959) concluded that Fraser River sockeye salmon used over 90%

of  body  fat  reserves  and ,  in  females , up to 60% of total  protein by the end

of spawning. The  metabo l i c  fue ls  avai lab le  to  indiv idual  f i sh  are

obvious ly  l imited ; i t  seems l ike ly  that  some f i sh  wi l l  not  have  suf f i c ient

energy reserves to successfully migrate and spawn under- demanding

environmental conditions (Brett 1962).
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In  the ir  s tudy  o f  ten  spec ies  (15  s tocks  to ta l )  o f  anadromous  f i sh ,

Bernatchez  e t  a l .  (1987)  observed  that  the  energet i c  e f f i c iency  o f

migrat ion  i s  pos i t ive ly  corre lated  with  d is tance  trave led . Among the

examined stocks, Columbia River chinook stocks exhibited the lowest

energet i c  cost  per  d is tance  t rave led . They  proposed  that  the  d i f f i cu l ty  o f

a  long  migrat ion  se lects  for  larger , more  energy-e f f i c ient  indiv iduals ,  and

for those which orient more accurately.  Williams and Brett (1987)

suggested that under certain conditions the Fraser River and Thompson River

canyons might hinder the passage of weaker swimmers, thus selecting for

stronger swimmers among pink salmon. They also noted that the swimming

performance of  pink salmon deteriorates as maturation progresses.

Whi le  i t  i s  poss ib le  to  ca lcu late  the  to ta l  energy  expended  by  f i sh  to

reach spawning areas and spawn (using estimates of  caloric content),  one

cannot determine empirically to what extent dam passage and hydrosystem

operat ions , separable from other factors, have contributed to energy

demand. One hypothesis is that if  the migration is made less arduous or

time-consuming, then less energy will  be required for locomotion; more

energy  wi l l  be  avai lab le  for  reproduct ion ; and the total reproductive

success of  the population should be enhanced. Improving passage of

upstream migrants in the mainstem Columbia and Snake Rivers is l ikely to be

an expensive undertaking. Models are needed which can demonstrate

potent ia l  benef i ts  and  cost -e f fec t iveness  o f  passage  improvements  pr ior  to

implementation.

Improving upstream fish passage around obstacles presents a

challenging engineering problem. What appears to be a simple question of

how to construct and operate a passageway that will  permit f ish to move

from Point A to Point B is made complicated by the complexities of  f ish

behavior and biomechanics. Addressing this problem requires knowledge of

f  ishway hydrology, f ish behavior, and the bioenergetics of  salmon ascending

t h e  fishway. The recent work of Orsborn and colleagues (Aaserude and

Orsborn 1986; Orsborn 1986; Orsborn and Powers 1986; Powers and Orsborn

1986) and references contained therein provide a thorough discussion of

t h i s  t o p i c . Mechanisms for improving passage are outside the scope of  this

report .
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In order to build a realistic and comprehensive model of  upstream

migration, one must understand the migratory behavior of  individual f ish.

It seems reasonable to assume, based on evolutionary theory,  that

indiv iduals  wi l l  a t tempt  to  maximize  the ir  reproduct ive  potent ia l  at  the

spawning grounds. For most species in the Columbia, successful spawning

requires  e f f i c ient  use  o f  energy  reserves  wi th in  the  temporal  and  spat ia l

constra ints  imposed  by  the  necess i ty  o f  cover ing  re lat ive ly  long  d is tances

within  f in i te  t ime per iods . Delay ,  fat igue , and multiple dam crossings,

made worse when fallback occurs, add to the total  amount of  t ime spent and

distance  trave led  in  migrat ion . The combination of  time spent and distance

trave led  in  migrat ion  i s  here inaf ter  re ferred  to  as  migrat ion  path .

Extensive migration paths increase the energy required for swimming and

l ike ly  f rustrate  the  migrat ion  s trateg ies  o f  many f i sh .  In  order  to  assess

the chances of an individual making a successful spawning migration, one

must  est imate  the  l ike l ihood  o f  avai lab le  energy  reserves  be ing  suf f i c ient

to cover the energetic demands of  the migration. Thus arises the three

necessary parts of  an upstream migration model:  (1)  an estimate of  the

variability in the migration paths (both time and distance) experienced by

a stock; (2)  an estimate of  the caloric demand associated with each

migration path; and  (3 )  integrat ion  o f  (1 )  and  (2 )  to  prov ide  an  est imate

of the energy reserves available for spawning within a stock and the

distr ibut ion  o f  those  reserves  among indiv iduals .

MODEL CONCEPTUALIZATION AND STRUCTURE

The example model presented here is designed to allow examination of

the magnitude and variability of  increases in migration paths which are

associated with dam passage. An example is  provided of  an application of

the model to a f ictitious stock which must ascend four run-of-river dams to

reach the spawning grounds. Apparently, there are no existing models which

consider an entir-e migrating population from a major river system in

comparable detail . On a  more  l imited  sca le ,  sophist i cated  models  o f  f i sh

locomotion and hydrodynamics under controlled conditions have been reported

(see Orsborn and Powers (1986),  Webb (1974) and accompaning  references).

Calculation of  caloric demand and bioenergetic potential  can be complicated
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as  the  reports  by  Orsborn  et  a l . , Webb, and others attest. However, simple

approximations of  energetic relationships are used in the model presented

here  for  the  purpose  o f  i l lustrat ion .

The present example focuses on the delay and mortality associated with

dam passage in the immediate vicinity of  each dam. Factors within each

reservoir which affect passage have not been incorporated in the example.

Two such factors are harvest and flow rate. Exis t ing  operat ional

constraints on the hydrosystem may preclude management actions which might

have a measurable effect on adult migration rates through reservoirs,

though a weak relationship between flow regime and the average time in

migration has been demonstrated Osborne (1960). A  poss ib le  except ion  i s

the prevention of  excessively low flow which has been shown to delay

migration of steelhead trout and chinook salmon in the Snake River (Liscom

e t  a l .  1 9 8 5 ) . Above these extremely low flow levels,  the general consensus

is  that  t rave l  t ime increases  with  increas ing  f low.

Harvest is omitted from the example model, s ince  the  present  focus  i s

on hydropower impacts on migrating fish. Harvest will  obviously reduce

survival and may affect migration paths, though data are lacking which

could provide insight concerning a relationship between harvest and

migration paths. Under the assumption that all  f ish are equally

suscept ib le  to  f i sh ing  and that  f i sh ing  does  not  a f fec t  the  energy  reserves

o f  f i sh  which  avo id  harvest , the impact of  harvest will  be a simple

reduction in numbers. I f  e i ther  o f  these  assumpt ions  are  incorrect ,  then

the  in f luence  o f  harvest  on  the  reproduct ive  capac i ty  o f  a  g iven  s tock  i s

more complicated.

A fundamental relationship exists between system survival and the

number of dam crossings required. I f  the  probabi l i ty  o f  surv iv ing  each  dam

cross ing  i s  equal  to  p , the  probabi l i ty  o f  a  success fu l  migrat ion  invo lv ing

X dam crossings will  be equal to px. Since X is a random variable,

knowledge  o f  the  d is tr ibut ion  o f  X  i s  necessary  to  accurate ly  assess  system

survivabi l i ty  at  the  populat ion  leve l . Using analytical methods, one can

calcu late  expected  probabi l i t ies  that  can  serve  as  po ints  o f  re ference  for

simulation models. In the general case, where p may vary between dams, the

expected  probabi l i ty  o f  complet ing  the  migrat ion ,  E(P}, i s  g iven  by  the
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equation

k

EIPI = x
i=l

r cD 1

i

1 fij. (1 - fi).pi(l  +  j )

I
,

j=O
( 7 - l )

where k = number of dams and f i i s  the  probabi l i ty  o f  pass ing  back

downstream and having to reascend the dam (fallback) at dam i.  The

summation limit (CD) may be replaced with a f inite integer which produces a

sui table  degree  o f  accuracy  in  ca lculat ion . If  p and f  remain constant

across  a l l  dams,  X  wi l l  f o l low a  Pascal  d is tr ibut ion  and

E(P} = 1 (; 1 k).(l - f)k.f(X - k).pX .

X=k
(7-2)

Under these conditions, an approximation to E{P) can be calculated as

Pk’(l-f) . This estimator will  always have a value that is less than E(P).

If  X follows a Pascal distribution then the number of  additional dam

cross ings  (X-k)  wi l l  f o l low a  negat ive  b inomial  d is tr ibut ion . For a

discuss ion  o f  the  re lat ionship  o f  the  Pasca l  d is tr ibut ion  to  the  more

fami l iar  negat ive  b inomial ,  see  Boswel l  e t  a l .  (1979) .

In the example model, individual dams are represented by independent

s imulat ion  units . Outputs from each unit are used as inputs to an adjacent

upstream unit. A multiple-dam system can be constructed by linking a

number of dam simulation units together. Conceptually, i n d i v i d u a l  f i s h

face a series of  independent Bernoulli  trials at each dam with separate

consequences depending on the outcome of each trial  (Figure 7.1). Fish

reaching a dam are required to locate and ascend the fishway. I f  t h e y

fa i led  to  ascend  the  fishway, the  f i sh  aL^e l os t  f rom the  populat ion . Those

that ascended the ladder require a variable period of  t ime to f ind and

negot iate  the  ladder . Upstream of the dam, fish face two trials in

s u c c e s s i o n .  T h e  f i r s t  r e f l e c t s  t h e  p o s s i b i l i t y  o f  d y i n g  d u e  t o  i n j u r y

incurred at the dam or due to exhaustion or disease exacel-bated  by dam

passage. The second trial  represents the chance of  passing back downstream

and having to repeat the process. Additional delay time is added to those

that  fa l l  back . Those which survive the dam passage and do not fall back
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Figure 7.1 Conceptual Diagram of Upstream Passage Model.
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proceed to the next dam. Because of  fallback a fish may have to ascend a

dam several times before moving upstream.

The model is  designed to simulate the passage of  individual f ish

through the system. Simulation of  a migrating population involves a Monte

Carlo approach in which multiple iterations of  the model are run. For each

i t e r a t i o n , the model tracks the migration of an individual through each

success ive  d ichotomy unt i l  an  end  po int  i s  reached  (e i ther  the  indiv idual

is  los t  or  passes  the  last  dam success fu l ly ) . Probabi l i t ies  are  ass igned

for each Bernoulli  trial  in the control parameter set and the outcomes are

then chosen randomly based on these probabilities. The cumulative time

spent in the system, the number of  times each dam is crossed, and the total

number of  dam crossings made are recorded for each simulated individual.

Delay times associated with fallback remain constant as specified in the

control parameter set. In  contrast , the time in passage, Ti, is a random

var iab le  wi th  probabi l i ty  dens i ty  ca lcu lated  accord ing  to  the  spec i f ied

options,  as explained below.

Two options are available within the model for defining Ti. In the

f i r s t  o p t i o n , each dam crossing is treated as an independent event. Random

passage times (in hours) were generated for each crossing, drawn from a

three-parameter gamma probability distribution with shape, scale,  and

l o c a t i o n  p a r a m e t e r s  (CX, A, a n d  8, r e s p e c t i v e l y )  s p e c i f i e d  i n  t h e  c o n t r o l

parameter set for each dam. Under the f irst option, the expected passage

times for each crossing remain constant, regardless of the number of dam

crossings made previously or the cumulative migration time at the time of

cross ing . The  second  opt ion  i s  des igned  to  incorporate  the  e f fec t  o f

fat igue  on  the  passage  t ime o f  f i sh . Under this option, the gamma

distr ibut ion  parameters  spec i f ied  in  the  contro l  parameter  set  are  used  as

a reference standard. The standard expected time in passage for each dam,

E(Ti)) i s  c a l c u l a t e d  a s  E{Ti)  =  ei + ai/Xi. The scale parameter actually

used to generate the passage time for each dam crossing, A*, i s  c a l c u l a t e d

as a function of  the observed cumulative passage time (M) acquired up to

the time of crossing and the expected prior cumulative passage time for the

dam in  quest ion ,  where  E{Mi) equals  E(T1}  t  E(T,} -I .  .  .  +  E(TL (i-1))’  This

assumes an expectation of only one dam crossing per dam. The equation for
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A* is

X* = Xi x (E{Mi)/M)Yi, ( 7 - 3 )

where yi, defined in the control parameter set for each dam, is an

i n d i c a t o r  o f  s e n s i t i v i t y  t o  f a t i g u e .  This equation obviously does not

apply to the f irst dam encountered if  one begins with an expected and

observed cumulative passage time of zero.  The adjustment to X in equation

(7 -3 )  wi l l  have  the  e f fec t  o f  decreas ing  the  expected  passage  t ime  o f

individuals that have been delayed less than expected, while increasing the

expected passage time of  individuals that have been excessively delayed and

are assumed to be fatigued.

EXAMPLE APPLICATION

For  purposes  o f  i l lustrat ion , the  model  was  appl ied  to  a  f i c t i t i ous

stock which migrates past a series of  four dams. The dams were considered

to  be  equiva lent  in  terms o f  d i f f i cu l ty  o f  passage .  Four scenarios were

constructed which allow comparison of the relative impacts of  fallback  and

fatigue on migration paths and mortality.  These scenarios involved the

fo l lowing  combinat ions  o f  fallback and fat igue :  no fallback, no adjustment

for fatigue (NFB-NF); no fallback, fatigue adjustment present (NFB-F);

fallback  present ,  no  ad justment  for  fat igue  (FB-NF) ;  fallback  present ,

fatigue adjustment present (FB-F).  The control parameters for each dam

were the same (Table 7.1).  When applicable,  t h e  f a t i g u e  s e n s i t i v i t y

f a c t o r ,  y, was  set  at  zero  for  the  f i rs t  dam encountered ,  increased  to  0 .5

for dams 2 and 3,  and increased further to 1.0 for dam 4. T h i s  r e f l e c t e d  a

hypothes is  that  the  ab i l i ty  o f  f i sh  to  recover  f rom fat igue  deter iorates  as

the migration proceeds. The result is an expectation of  time in passage

that becomes more sensitive to the ratio of  expected to observed cumulative

passage time as one proceeds upstream (Figure 7.2).

One thousand iterations of  the model were run for each realization

with  one  rea l izat ion  per  scenar io .  Model output from iterations in which

the simulated individual f ish survived the migration were examined

c o l l e c t i v e l y  w i t h i n  e a c h  r e a l i z a t i o n .  Distr ibut ions  o f  to ta l  passage  t ime

( i . e . , delay) and the total number of  dam crossings when fallback occurred
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Table 7.1 Control Parameters which are Constant for All  Dams in the
Model Application.

Parameter

P r o b a b i l i t i e s :  .
below-dam survival
above-dam survival
fallback (when present)

Value

0 .95
0.95
0 .20

Fallback  delay time 4 hours

Delay  t ime d is tr ibut ion :
shape (cx)
sca le  (X)
minimum (0)

2
0 .2
3 hours
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were of primary interest. Probabi l i ty  d is tr ibut ions  were  f i t ted  to  output

from each realization and comparisons made between scenarios.

In  order  to  fac i l i tate  i l lustrat ive  comparisons  among scenar ios ,

migration paths were converted into arbitrary units of  bioenergetic demand.

The basic metabolic unit (bmu) was defined as the amount of  energy required

by  an  indiv idual  f i sh  to  per form bas ic  metabol i c  processes , -exc luding

swimming and reproduction, during migration for a period of  24 hours. The

energy costs incurred due to delay and additional dam crossing were

expressed  us ing  two  d i f ferent  re lat ionships  which  re f lec ted  a l ternat ive

hypotheses of  f ish migration behavior. Under both hypotheses, it was

assumed that fish normally migrate at the optimal rate in terms of energy

e f f i c i e n c y ,  t h e r e f o r e , any increase in migration path created additional

energy demand. Passing a dam in the upstream direction added an amount

equal  to  the  energy  required  to  phys ica l ly  ascend  the  fishway (arbi trar i ly

set  at  3  bmu)  in  addi t ion  to  energet i c  costs  indirect ly  caused  by  de lay .

Conceptually, there are two ways in which fish might respond to delay.

F i r s t , they simply may proceed as usual with no change in swimming speed.

Or, they might increase swimming speed in an effort to make up for lost

time. Under  the  f i rs t  hypothes is  (Al ) , de lay  resul ts  in  a  l inear  increase

in  the  to ta l  energet i c  cost  o f  the  migrat ion ,  de f ined  in  the  model  as  one

bmu per day of delay. In  contrast , if  f ish increase swimming speed in

response to delay then the relationship between delay and energetic cost is

c u r v i l i n e a r . Brett (1965) has demonstrated a U-shaped relationship between

swimming speed of salmon and the energetic cost per unit distance traveled.

If one assumes that migrating salmon would normally be swimming near the

optimal speed and only increases in swimming speed are relevant,  the

descending portion of  the curve can be ignored. The relationship between

energet i c  cost  and  de lay  t ime as  a  second a l ternat ive  (AZ)  in  th is

application was approximated using the equation:

Cost (bmu)  = exp{0.015  x  Delay(hrs ) )  - 1 . ( 7 - 4 )

This  resul ted  in  a  curve  which  intersects  the  s tra ight  l ine  representat ive

o f  a  l i n e a r  r e l a t i o n s h i p  ( F i g u r e  7 . 3 ) . Be low the  po int  o f  intersect ion ,  i t

is advantageous to increase swimming speed slightly to compensate for a

short  de lay ,  but  with  longer  de lays , commensurable increases in speed will

b e  e n e r g e t i c a l l y  l e s s  e f f i c i e n t .  T h e  t o t a l  e n e r g e t i c  c o s t ,  Ct, d u e  t o
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delay  and  fallback is  ca lcu lated  as  the  sum o f  the  cost  due  to  re -ascending

the dams (3 bmu x (Dam crossings - 4))  and the cost resulting from delay,

ca lcu lated  us ing  the  above  re lat ionships .

RESULTS AND DISCUSSION

The percentage of  simulated individuals successfully completing the

migration averaged 67% with no fallback present and 62% with fallback

included. These values are within a few percentage points of  the expected

values  (no  fa l lback :  66.34%,  with  fa l lback :  60 .3%)  which  were  ca lculated

us ing  equat ion  (7-2), suggesting no major bias in the simulation routine.

A 7 .6% decrease  in  surv iva l  that  can  be  d irect ly  at tr ibuted  to  fallback  was

observed in the simulated system (expected value = 9.1%). Of those

complet ing  the  migrat ion  (surv ivors )  in  scenar ios  inc luding  fa l lback ,  55%

made at least one additional dam crossing and 21% made three or more

addi t ional  cross ings .  The average number of dam crossings made by

survivors under fallback conditions was 4.86.

It is important to note that data from only survivors represents a

censored data set that may give rise to misleading conclusions.  As the

probability of  surviving a dam crossing decreases,  the mean number of dam

crossings made by system survivors is expected to decrease.  This occurs

because fish making additional dam crossings have a reduced probability of

be ing  sampled  s ince  they  are  more  l ike ly  to  be  lost  v ia  morta l i ty .  To

i l l u s t r a t e , if  there had been no losses of  f ish in the simulated system,

the expected number of  dam crossings would be 5.0 (E(X)  = k/(1-f)  = 5), a

value substantially higher than the mean number-  observed for survivors.

Fi t t ing  a  Pasca l  d is tr ibut ion  to  the  data  on  tota l  dam cross ings  o f

survivors produced an estimated probability of  successful passage without

fa l l ing  back  o f  0 .823 ,  which  i s  greater  than the  true  va lue  o f  0 .722 .  This

type  o f  b ias , which may be unavoidable, must be accounted for in monitoring

studies in which conclusions are based on information from a few

individuals for which complete data records are available.

Since all  survivors incurred a minimum passage time of 12 hours,

reported  t imes  were  ad justed  downwal-d  by  th is  amount  to  fac i l i tate
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comparisons (Table 7.2).  Probabi l i ty  d is tr ibut ions  f i t  to  the  generated

passage data provide a means of  integrating information (Table 7.3).  For

Scenario NFB-NF, empirical f itting of a distribution was done only as a

check as it was assumed that the data came from a gamma distribution with

a = 8  and  X =  0 .2  based  on  s tat is t i ca l  theory .  Lognormal distributions

were  f i t  to  passage  t ime d is tr ibut ions  for  o ther  scenar ios  as  the  lognormal

consistently f it  these data better than did the gamma or Weibull

d i s t r i b u t i o n s , the  only  a l ternat ives  tested .  A l l  d i s t r i b u t i o n s  w e r e  f i t

using Statgraphics
TM

routines (STSC 1986) and goodness-of-f it  was evaluated

using the Kolmogorov-Smirnov statistics provided by the software

appl i cat ion .

Both  fallback  and the  inc lus ion  o f  the  fat igue  factor  had  a

demonstrable  impact  on  passage  t ime o f  surv ivors  (F igure  7 .4 ) .  Inc lus ion

of  fa t igue  without  fallback  had the  e f fec t  o f  skewing  the  d is tr ibut ion  such

that the median value was less than that for the reference case (NFB-NF),

but  there  was  a lso  a  h igher  percentage  o f  ind iv iduals  in  the  upper  ta i l  o f

the  d is tr ibut ion .  This  resul ted  f rom a  po lar iz ing  e f fec t  o f  fa t igue  in

making short passage times shorter, while simultaneously increasing the

longer passage times. Fallback  without fatigue increased the mean, median,

and var iance  o f  the  passage  t imes  re lat ive  to  the  re ference  case .

Inclusion of  fallback and fatigue in combination had the most pronounced

ef fec t  on  the  passage  t ime d is tr ibut ion .

The  re lat ionships  used  in  the  prov ided  i l lustrat ion  to  ca lcu late

energet i c  costs  assoc iate  a  h igh  energet i c  cost  wi th  pass ing  a  dam re lat ive

to that caused by delay.  One additional dam crossing is equivalent to 3

days of  delay in the l inear model (Al)  and up to 3.8 days of  delay in the

exponential  model (A2); the actual value depends on prior delay time. As

expected,  the added energetic costs (costs)  due to additional dam crossings

and delay incurred when fallback was present were much larger than

otherwise  (Table  7 .4 ) .  For this reason, f u r t h e r  d i s c u s s i o n  o f  c o s t s  i s

l imited  to  scenar ios  inc luding  fallback and  focus  on  d i f ferences  due  to

fatigue and alternative hypotheses concerning fish response to delay.
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Table 7.2 Summary Statistics for Time in Passage (Hrs) of  Simulated
Populations Under Each Scenario. Scenario notation: NFB/FB (no
fallback/fallback  p r e s e n t ) ,  NF/F ( n o  f a t i g u e / f a t i g u e  f a c t o r
present ) .

S t a t i s t i c  NFB-NF

Sample s i z e  665

Mean 39.4

Median 38.0

Scenario
NFB-F FB-NF FB-F

665 613 616

38.1 53.5 64.8

33.9 48 .9  51.4

Standard deviation 14.17 20.78 23.95 45.50

Standard error  0.55 0.81 0.97 1.83

Minimum 9 .4  5.2 10.6 7 .2

Maximum 106.5 166.6 159.9 316.2

Skewness 0.78 1.63 1.01 1.82
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Table 7.3 Parameter Estimates and Kolmogorov-Smirnov Goodness-of-f it
Stat is t i cs  (D)  for  Probabi l i ty  Densi ty  Funct ions  (Distr ibut ion)
Fit to Time in Passage of Simulated Populations. All  D values
are  not  s igni f i cant  (approx imate  s igni f i cance  leve l  equaled
0 .999  in  each  case ) .

Scenario Distributiona Parametera Estimate D

NFB-NF Gamma a 8 . 0 0.031
s 0 . 2

NFB-F Lognormal lJ 3.505 0.026
u 0.5298

FB-NF Lognormal IJ 3.882 0.027
u 0.4507

FB-F Lognormal P 3.956 0.018
u 0.6619

aDistribution  and parameter notation follows Mood et al .  (1974).
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Figure  7 .4 Probabi l i ty  Densi ty  Funct ions  Fi t ted  to  Tota l  T ime in  Pass.3ge

(Hrs) for Scenarios NFB-NF (l), NFB-F (2), FB-NF (3), FB-F (4).

See  text  for  descr ipt ion  o f  scenar ios  and  d is tr ibut ions .
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Table 7.4 Summary Statistics for Additional Energetic Cost (bmu) of
Migration for Each of the Simulated Scenarios Using Linear
(Alternative 1)  and Exponential  (Alternative 2)  Cost-Delay Time
Relationships.

S t a t i s t i c NFB-NF
Scenario

NFB-F FB-NF FB-F

Sample size 665 665 613 616

Alternat ive  1

Mean

Median

Standard Deviation

Minimum

Maximum

1.64 1.59 4.77 5.32

1.59 1.41 4.60 4 .64

0.59 0.87 3.80 4.72

0.39 0.22 0 .44 0 .30

4.44 6.94 19.57 32.88

Alternat ive  2

Mean

Median

Standard Deviation

Minimum

Maximum

1.85 1.88 4.95 6 .50

1.77 1.66 4.78 4.81

0.44 4.86 3.87 9 .50

1.15 1.08 1.17 1.11

4.94 12.17 22.13 123.85
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The cost estimates obtained from the simulations indicate an

interact ion  between inc lus ion  o f  the  fat igue  factor  and  the  cho ice  o f

re lat ionships  used  to  es t imate  the  cost  o f  de lay . In Scenario FB-NF, the

total cost estimated using the exponential  model exceeded the estimate from

the linear model by 177 bmu compared to a difference of 1,177 bmu in

Scenario FB-F. Total estimated costs for Scenario FB-F exceeded those for

Scenario FB-NF by 550 bmu and 1,556 bmu using Alternatives 1 and 2,

r e s p e c t i v e l y . These values reveal a synergetic relationship between

fatigue and the exponential model that resulted in higher costs than

expected based on an additive assumption: C,Lll + C,Wl - C,Wl <<
C,[4,21. In  the  scenar io  notat ion  introduced  here ,  [i,j], i  re fers  to  the

fat igue  factor  (O=absent , l=present)  and  j  denotes  Al  or  AZ. Fallback  i s

assumed to be present.

A  p lot  o f  the  cumulat ive  d is tr ibut ion  o f  costs  indicate  that

differences among scenarios are most evident in the upper tail  of  the

d i s t r i b u t i o n s  ( F i g u r e  7 . 5 ) . The  va lues  p lot ted  in  Figure  5  are  fa i r ly

close to one another for each of  the four combinations until  around the

60th  percent i le  at  which  po int  [O,l] and  [O,Z] d iverge  f rom [l,l] and

[1,21. A second divergence occurs near the 85th percentile in which [l,l]

separates  f rom [1,2]. Li t t le  d i f ference  i s  observed  between [O,l]  and

[0,2]  throughout  the  range  o f  p lo t ted  va lues .

Understanding the terminal impact of  increased migration paths

requires the translation of  energy costs due to delay and additional dam

cross ings  into  populat ion  losses  in  reproduct ive  potent ia l  a t  the  spawning

s i te .  Conceptual ly , this might be accomplished in the following manner.

Consider a population in which each individual has a certain amount of

energy reserves available following a non-impeded migration. Assume that

this available energy corresponds to an added migration cost of  zero and a

reproductive success level (RSL) of  one on a scale from zero to one. Since

added delay and dam crossings subtract from the available energy remaining

at  the  conc lus ion  o f  migrat ion , RSL would be expected to decrease as the

cost  o f  migrat ion  increases . In the absence of  empirical data,  one might

hypothesize various shapes for the relationship between RSL and energetic

c o s t  ( F i g u r e  7 . 6 ) . A useful comparative measure is the average RSL value

for  the  populat ion . This can be calculated for the simulated populations
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Figure  7 .5  Cumulat ive  Relat ive  Freqllency o f  Addi t ional  Energet i c  Costs

Incurred in Migration for Scenarios Involving Fallback Under

Two Methods of Assigning Costs to Delay Time. Scenario

notation used: FB-NF-Al (O,l), FB-NF-A2 (0,2), FB-F-Al (l,l),

FB-F-A2 (1,2). S e e  t e x t  f o r  d e s c r i p t i o n  o f  s c e n a r i o s .
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as the sum of the individual RSL values divided by the number of  survivors.

An example of  the application of  this process to Scenarios FB-NF-Al and FB-

F-A2 using the RSL-cost relationships depicted in Figure 7.6 is presented

in  Table  7 .5 . Clearly,  population RSL values and the differences among

them depend on which RSL-cost relationship is applied,  in addition to being

inf luenced  by  factors  a f fec t ing  est imates  o f  cost .

CONCLUSIONS AND IMPLICATIONS FOR FUTURE MODELING

Based  on  the  forego ing  analys is ,  i t  seems c lear  that  fa l lback ,

fat igue , and f i sh  response  to  de lay  p lay  s igni f i cant  ro les  in  determining

the extent of cumulative hydrosystem impacts on upstream migrants. The

scenarios examined in the model application do not represent different

systems or the same system operated in different ways, but rather are

re f lec t ions  o f  d i f ferent  conceptual izat ions  o f  the  same system. Each

scenario represents a unique combination of assumptions concerning the

underlying mechanisms influencing the system. The  purpose  o f  th is  exerc ise

is  to  i l lustrate  the  importance  o f  correct ly  portraying  important  system

processes within a model used to evaluate management alternatives.  As

such, the insights to be gained from this investigation are more relevant

to the task of modeling the system than operating it . Also,  bear in mind

that the relationships used in the model application were created ad hoc- -
and  should  not  be  interpreted  as  a  re f lec t ion  o f  any  part i cu lar  system.

The Monte Carlo approach used here provides an appropriate tool  for

simulating upstream migration and passage. This approach exhibits the

flexibil ity needed to examine the system from an individual level while

a lso  a l lowing  a  populat ion  perspect ive . The model structure easily

incorporates  a  leve l  o f  complex i ty  and  reso lut ion , combined with stochastic

f a c t o r s , that would be diff icult to handle using alternative approaches.

The model demonstrated that it  could faithfully reproduce results predicted

by analytical models while also including feedback mechanisms, such as the

f a t i g u e  f a c t o r , that  e f fec t ive ly  would  be  intractable  wi th  an  analyt i ca l

approach.
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Table 7.5 Average Reproductive Success Levels (RSL) Calculated with Three
Alternative Relationships Between RSL and Added Energetic Cost
Incurred in Migration. See  text  for  descr ipt ion  o f  scenar ios
and cost  ca lculat ion .

Reproductive Success Levela

Scenario RSLl

(a) FB-NF-Al 0.843

RSL2

0.785

RSL3

0.625

Rangeb

0.218

(b ) FB-F-A2 0.794 0.707 0.585 0.209
- - - - - - - - - - - - - - - - - - - -

(a) - (b) 0.049 0.078 0.040

(b) / (a> 0.942 0.901 0.936

aRSL values  ca lculated  as :

RSLl  = 1 - cost
3

1 Icost 3 + lo3

RSL2 = 1 - (0.045 x cost) ,

RSL3 = exp( -0.1151 x cost) ,

bRange  i s  c a l c u l a t e d  a s  RSLl - RSL3.
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Fallback  proved  to  be  a  v i ta l  fac tor  in  determining  the  impact  o f  the

hydroelectric system on upstream migrants.  Relevant to system survival,

changes in migration paths, and energet ic  costs  incurred  in  migrat ion ,

fallback  exhib i ted  a  pronounced  e f fec t .  The  20% fallback used  in  the

s imulat ions  i s  equivalent  to  that  observed  by  Liscom et  a l .  (1985)  for

steelhead trout tagged and released above Lower Monumental Dam. Clear ly ,

fallback  is  a  d is t inct  poss ib i l i ty  for  f i sh  ascending  mainstem  Columbia  and

Snake River dams, espec ia l ly  dur ing  per iods  o f  heavy  sp i l l .  It would be

remiss to exclude this factor from any model constructed to simulate

upstream passage.

While fatigue and the nature of  f ish response to delay were shown to

play important roles conceptually, empirical evidence to substantiate and

d e f i n e  t h e s e  r e l a t i o n s h i p  l i k e l y  w i l l  b e  d i f f i c u l t  t o  o b t a i n .  G i v e n  t h e s e

constraints ,  expl i c i t ly  inc luding  these  factors  in  a  more  spec i f i c  model

application than that presented here may not be practical.  However, it may

be possible to define model parameters to implicitly include some of  the

impact  o f  these  factors .  Creative experimentation may also provide

insights into their presence or absence and magnitude. Recognizing that

such factors can exist and may have measurable impacts might be sufficient

to appropriately temper interpretation of  results from models lacking these

features ,

The process of  converting changes in migration paths into additional

energy demand and losses in reproductive potential  proved to be a useful

tact i c  in  terms o f  p lac ing  these  impacts  in  a  proper  context  for

comparison. As was alluded to earlier, methods are available in the

literature to permit conversion of migration paths to caloric demand at a

much finer level of  resolution and accuracy than that used in this

appl i cat ion .  The potential  gain from such an effort depends on the level

of resolution needed to choose among management actions being considered.

For example, a  dec is ion  to  a l ter  fishway operat ions  or  des ign  at  a

particular dam requires more detailed information than does a decision to

fund a  s tudy  on  sp i l lway  operat ions  to  minimize  fa l lback .  Quanitat ive

conversion of caloric demand into relative reproductive success with any

reasonable  leve l  o f  cer ta inty  i s  beyond the  present  leve l  o f  understanding

o f  t h i s  t o p i c .  This should not preclude such attempts from being made in a
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conceptual modeling context. Further experimental work or closer

inspect ion  o f  ex is t ing  data  may prov ide  ins ights  into  the  nature  o f  the

RSL-cost  re lat ionship .
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Chapter 8

SMOLT MONITORING IN THE COLUMBIA RIVER BASIN

INTRODUCTION

The monitoring or counting of Columbia River Basin juvenile salmon and

stee lhead  trout  ( co l lec t ive ly  re ferred  to  as  smolts) as  they  migrate  to  the

sea from hatcheries and natural nursery areas has two principal objectives:

(1 )  to  keep  track  o f  the  outmigrat ion  on  a  rea l - t ime bas is  in  order  to

provide information to those responsible for manipulating

streamflows and spills at dams, with the goal of  increasing

downstream passage survival; and

( 2 )  t o  p e r m i t  a s s e s s m e n t  o f  t h e  b i o l o g i c a l  a n d  c o s t - e f f e c t i v e n e s s  o f  t h e

severa l  mit igat ion  po l i c ies  under  cons iderat ion .

If  it  were a matter of  passing all  the migrating smolts through a

suitable counting device at each dam, the smolt monitoring problem would be

re lat ive ly  s tra ight forward .  One stil l  would have to account for the

interdam  additions of  f ish and the mortality at and between dams, but an

accurate count would allow tracking of the smolts.  If fish managers had

additional information from marking fish in hatcheries,  and could make

inferences  about  the  sources  o f  the  counted  f i sh  (hatcher ies  vs .  t r ibutary

streams vs. main-stem spawning habitat), they  could  des ign  fa ir ly  s tra ight -

forward experiments to explore survival response to various types and

leve ls  o f  mit igat ion  measures .

The  actual  s i tuat ion  i s  not  so  s imple .  I t  i s  i m p o s s i b l e  t o  c o u n t  a l l

smolts at dams or anywhere else in the system, g iven  current  technolog ies

and budgets. The volumes of water, sizes and numbers of  f ish,  and the

var iety  o f  routes  past  a  dam ( turb ines ,  sp i l lways ,  and  bypass  fac i l i t ies )

combine to make complete enumeration impossible. Researchers therefore

have had to devise experimental methods that depend on sampling smolt

populations.  Since the accuracy of these sampling methods depend on many

of  the  same var iab les  that  mit igat ion  po l i c ies  address  (e .g . ,  a l terat ion  o f
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the  s ize  and  quant i ty  o f  f l ow) , the sampling approach has increased the

complexity of  the research problem. Add to  th is  d i f f i cu l ty  the  observat ion

that environmental conditions change in uncontrollable,  unpredictable,  and

even unobserved ways, and one begins to see why a respected student of  the

problem, Carl Walters,  could say (Webb et al .  1986):

I t  would  be  sc ient i f i ca l ly  mis leading  and economica l ly  cost ly  to
pretend  that  the  e f fec ts  o f  any  su i te  o f  t ime  ser ies  exper iments
(in the form of independent sub-basin rehabilitation and
monitoring programs) will  eventually sort themselves out so as to
prov ide  a  c lear  p ic ture  o f  which  act ions  and s trateg ies  are
actual ly  per forming  as  intended .  .  .  There  wi l l  cont inue  to  be
misleading correlations between management measures,
uncontrollable environmental changes, and patterns of  survival and
abundance.

This chapter will  provide background on Walters’  comment, discuss some

technical issues that have assumed importance in the research literature on

smolt monitoring, describe new technologies that may offer hope for

remedies, and  suggest  poss ib le  d irect ions  for  future  research  e f for ts .

THE FUNDAMENTALS OF MITIGATION POLICIES AND THEIR EVALUATION

T h e  i n t r o d u c t i o n  o f  f i s h  h a t c h e r i e s  o f f e r s  t o  i n c r e a s e  e f f e c t i v e  f i s h

recrui tment  (addi t ions  to  adul t  populat ions ) ,  part i cu lar ly  i f  spawning

habi tat  has  been  destroyed  or  made  inaccess ib le  by  s i l tat ion ,  po l lut ion ,  or

dams, or  i f  l osses  o f  f i sh  to  the  marine  commerc ia l  f i shery  have  threatened

naturally occurring spawning runs. I f  inriver s p o r t  f i s h e r i e s  a r e

important or, as in the case of  the Columbia, i f  t r i b a l  f i s h i n g  r i g h t s  a l s o

must be respected, these hatcheries must be located far upstream. T h i s  i s

to ensure that returning adults will  be available to upstream anglers.

In highly developed and controlled rivers such as the Columbia,

upstream hatcheries imply that both upstream and downstream migrants will

have to traverse man-made obstacles. T h e r e f o r e ,  b o t h  w i l d  a n d  a r t i f i c i a l l y

spawned and ra ised  juveni le  f i sh  wi l l  have  a  d i f f i cu l t  t ime  get t ing  to  the

sea. In  part i cular ,  dams with  hydroe lectr i c  turbine  insta l lat ions  may l ie

in the way. These  create  poo ls  o f  re lat ive ly  s lack  water  with  h igher

temperatures and perhaps larger predator populations (Raymond 1968; 1969).

Al though the  l i terature  i s  unc lear  on  ro le  o f  s lack  water  on  juveni le
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mortal i ty ,  the Columbia system currently is being managed on the premise

that increasing flows between dams will  increase survival (Karr and Maher

1985).

However, the main threat to the safe passage of  juvenile f ish comes

from the turbines.  Fish passing through these may be injured or stunned,

and thus made more vulnerable to predators,  or killed outright.  Several

p o s s i b i l i t i e s  e x i s t  f o r  t h e  s m o l t s  t o  a v o i d  t h e  t u r b i n e s .  F i r s t ,  t h e

smolts  can  use  adul t  passage  fac i l i t ies  ( f i sh  ladders )  in  reverse .  This

does not seem to work particularly well , probably  because  o f  the  d i f f i cu l ty

o f  at tract ing  the  f i sh  into  the  upstream ends  o f  such  s tructures  (Struthers

1984). An easier approach, which apparently enhances survival rates,  is to

sp i l l  water  and  le t  the  smolts  go  over  in  the  sp i l lway .  According to

Schoeneman et al .  (1961) mortality for passage over spillways is about 2

percent  whi le  that  for  turb ines  i s  about  11  percent .  Al though,  sp i l l ing

large volumes of water increases concentrations of  gases in downstream

waters (most importantly nitrogen), which can increase mortality rates in

downstream waters due to gas bubble disease, phys ica l  modi f i cat ions  o f

sp i l lways  for tunate ly  has  mit igated  th is  prob lem to  a  large  degree .  A

third  a l ternat ive  i s  to  prov ide  spec ia l ly  des igned  and constructed  smol t

p a s s a g e  f a c i l i t i e s , including fish guidance equipment,  to keep the smolts

out of  the turbines and to encourage them to enter the bypass (Bently and

Raymond 1969; Smith and Farr 1975). A  goa l  o f  the  reg ional  f i shery

enhancement policy is to have such facil ities at all  dams on the Columbia.

A fourth  a l ternat ive , transporting smolts by barge or tank truck from

an upstream point to the estuary below Bonneville Dam, simultaneously

avoids the hazards of both dams and slack water. Ebe l  (1980))  for  example ,

reports  that  surv ival  o f  t ransported  f i sh  i s  f rom 1 .1  to  15  t imes  h igher

than that of control fish which passed seven mainstem, run-of-river- dams

and assoc iated  reservo irs .  The success of  recent transportation

experiments have convinced many individuals in the Pacific Northwest that

transportation should continue to play a major role in the Columbia Basin.

I f  t ransportat ion  were  to  become the  so le  mit igat ion  a l ternat ive ,  the

monitoring problem would look very different.  S u r v i v a l  o f  t h e  transpotted

smolts could be measured directly,  albeit at some cost,  when the bar-ges OL-
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trucks were emptied. Survival to adulthood would be estimated by marking

some f ract ion  o f  the  t ransported  f i sh  and observ ing  the ir  return  rates .

The bulk of  the material contained in this report is concerned with the

monitoring of f ish which are not transported.

The monitoring of smolt migration may help to improve the

ef fec t iveness  o f  such  mit igat ion  a l ternat ives .  For example, the

recognition that a large number of smolts are actively migrating allows

fish managers to target high stream flows for these periods.  They can time

spi l l s  to  co inc ide  with  the  arr iva l  o f  smolts  at  the  dams and with  the

hours when smolts are more likely to pass through the spillways.  The

evaluation of  mitigation measures also depends on the monitoring of  smolt

migration. Since all  mitigation measures cost money--transportation of

smolts  and  f i sh  passage  fac i l i t ies  require  capi ta l  expendi tures , and

involve operation, maintenance, and replacement costs,  and spills and

enhanced flows provide water for f ish rather than for the potential

generation of  marketable power--information on survival rates is needed in

order  to  assess  the  cost -e f fec t iveness  o f  mit igat ion  a l ternat ives .

The evaluation of downstream passage mitigation measures becomes a

matter of  characterizing how each specific measure, alone and in

combination with others, affects the number of surviving smolts.  For

example, one may want to know how introducing another million smolts from

an upstream hatchery may increase the number of smolts entering the ocean;

how increasing the size and frequency of spills at a particular dam changes

mortality attributable to that dam; or how increasing minimum flows through

a stretch  o f  r iver  dur ing  a  t ime per iod  increases  surv ival  through that

s t r e t c h .

In the Columbia River Basin, these  quest ions  are  d i f f i cu l t  to  answer .

I t  i s  hard  to  separate  the  e f fec ts  o f  a  part i cu lar  mit igat ion  po l i cy  f rom

the  impacts  o f  o ther  po l i c ies .  In  addi t ion , as mentioned in the opening

paragraphs, estimating the survival rate past a dam or through a river

reach, or even estimating the total number of f ish passing a particular

point  in  the  r iver  system,  are  tr i cky  problems.  The next section explains

t h e  d i f f i c u l t i e s  i n v o l v e d .
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TECHNIQUES FOR ESTIMATING SMOLT ABUNDANCE AND SURVIVAL

Unlike adult fish passing upstream at a dam, smolts passing downstream

are  very  d i f f i cu l t  to  enumerate . I f  the  dam is  suf f i c ient ly  h igh  to

require  a  f i sh  ladder , visual or automated counters can be installed in the

ladders, and  adul t  f i sh  can  be  forced  to  pass  the  count ing  s i te  in

concentrat ions  sui table  for  count ing . However, it  would be impossible or

extraordinar i ly  expens ive  to  make  a  v isual  count  o f  a l l  juveni le  f i sh

passing a given point in the Columbia River system, except perhaps in the

smallest streams. Too many small fish, too much water, and probably too

many escape routes exist.

I f  juveni le  f i sh  were  as  l ike ly  to  be  in  one  part  o f  the  r iver  as  in

any other, one could construct a sampling device to count the fish even

with the limited current technology. The number of fish within some

restr i c ted  area  o f  the  s tream’s  cross  sect ion  that  pass  a  marker  (e .g . ,  a

br idge)  t imes  the  rat io  o f  the  to ta l  s tream cross -sect ional  area  to  the

restricted area area would equal the total number of  f ish passing that

marker. However,  f ish seldom move in uniform densities in a river,  and our

knowledge of  the spatial  and temporal distribution of  migrating smolts

with in  the  r iver  i s  insuf f i c ient  to  prov ide  a  bas is  for  an  a l ternat ive

hypothesis. Therefore, an approach based on simple cross-sectional

sampling probably would not estimate the true population accurately.

The alternative is to design a sampling program which relies on direct

or  indirect  sampl ing . Direct sampling methods involve introducing one

grou

such

samp

that

invo

of marked fish upstream and recovering the fish at a downstream site,

as at a dam. The approach relies on the estimation of  the absolute

e  co l lec t ion  e f f i c iency  ( the  proport ion  o f  marked  f i sh  pass ing  a  po int

are sampled) at the downstream site. Indirect  sampl ing ,  in  contrast ,

ves introducing a target group of f ish upstream and a control group

downstream (just above the recovery point) , and recovering both groups of

f i sh  at  the  sampl ing  po int . This approach defines the relative sample

c o l l e c t i o n  e f f i c i e n c y  ( t h e  p r o p o r t i o n  o f  t h e  c o n t r o l  g r o u p  t h a t  i s

sampled), since the sample efficiency is allowed to vary from experiment to

experiment.
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The simplest direct-sampling method is to create a subpopulation of

known size and to follow the movement of  this subpopulation. An

investigator would mark the known subpopulation, release it ,  sample the

total unknown population (including the known subpopulation) as it  passes

the point of  interest downstream, and use the sampling efficiency obtained

for  the  subpopulat ion  to  es t imate  to ta l  populat ion  s ize .  Schematically,

th is  process  i s  represented  in  Figure  8 .1 .

The sampling method must produce equal fractions of the marked and

unmarked populations in order to estimate accurately the total population;

t h a t  i s , marked fish need to be homogeneously distributed among the total

migrant population passing the sampling site during the sampling period

s u c h  t h a t  M/Mi  = P/Pi. Any inequal i ty  in  th is  rat io  wi l l  b ias  the  est imate

o f  t o t a l  p o p u l a t i o n  s i z e .  Such bias might result if  the marked fish swim

together on one side of  the river and the unmarked fish swim uniformly

throughout the river.  In  th is  case , a sample collected from a small

p o r t i o n  o f  t h e  t o t a l  c r o s s - s e c t i o n  o f  t h e  r i v e r  w i l l  n o t  e x h i b i t  a n

accurate ratio of  marked to unmarked fish.  S imi lar  e f fec ts  may resul t  i f

the marked fish swim at a different depth, if  the sample method involves

nets  (which  are  genera l ly  s ize -se lec t ive )  and  the  s izes  o f  marked

indiv iduals  systemat ica l ly  d i f fer  f rom those  o f  unmarked indiv iduals ,  or  i f

the two populations prefer different routes past a dam and not every route

is sampled equally.

Putting aside the diff iculties for a moment,  how does this method

permit investigators to make inferences about survival and hence

potentially about improvements in survival resulting from mitigation

e f f o r t s ?  I f  one  wants  to  es t imate  how a  part i cu lar  obstac le  a f fec ts

survival , one approach would be to estimate the population size (P) above

and below the obstacle.

e s t i m a t e d  s u r v i v a l  =
P (below)

P (above)
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UNKNOWN POPULATION

Streamflow
d i r e c t i o n

P+M

~ Marked Subpop.  Introduced
(Known M)

- S a m p l i n g  P o i n t  i

Count Mi from M and

Pi from P

Estimate P as Pi(M )

(Mi)
(8-l)

M = number in known marked subpopulation

Mi = number sampled of marked population at point i

P = number in unknown total population

Pi = number sampled of  total  population at point i

Figure 8.1 Schematic of  Sampling Site for One Test Subpopulation (Direct
Sample)
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o r

5 =

P(bj  >

P(aj 1

(8-Z)

where S.
J

=  f r a c t i o n  o f  f i s h  s u r v i v i n g  p a s s a g e  b y  o b s t a c l e  j

P(bj)  = estimated population below point j

P(aj) = estimated population above point j

This procedure would be complicated by the sampling done on the

subpopulation M above the dam and its implication for the below dam count.

If K fish were sampled from M and not replaced, the subpopulation would

become M-K. I f  the  K f i sh  were  rep laced ,  quest ions  about  the ir  re lat ive

phys ica l  condi t ion- - the ir  surv ivabi l i ty - -would  ar ise .

A common approach in such a direct sampling scheme is to adjust the

population estimates based on the differences between the observed recovery

rate of  the marked subpopulation and the expected recovery rate. The

e x p e c t e d  r e c o v e r y  r a t e  i s  a  f u n c t i o n  o f  t h e  s a m p l e  s i t e ,  r i v e r  f l o w ,  s p i l l ,

and turbine diversions. I t  i s  an  est imate  o f  the  abso lute  co l lec t ion

e f f i c i e n c y  o f  a  s a m p l e ;  t h a t  i s , a yardstick to use in subsequent samples

for  morta l i ty . I d e a l l y , it  is  computed from a series of  experiments at a

sampl ing  s i te , with varying flow conditions,  where one releases marked

“control”  f ish just above a sampling point to see how many of these can be

caught at the sampling point. I f  one  can  estab l i sh  a  predic tab le

re lat ionship  between r iver  f l ow and recovery  rate  (a  set  o f  f l ow-recovery

curves) and if  this remains constant over time, only  one  group  o f  tes t  f i sh

wi l l  be  needed  to  est imate  surv iva l  rates  in  subsequent  morta l i ty  s tudies .

The observed survival rate of  the test f ish would be adjusted to account

for the sample eff iciency based on the difference between the actual rate

and the expected rate.

For example, i f  the  expected  rate  o f  recovery  o f  f i sh  ( the  abso lute

sample  e f f i c iency)  based  on  pr ior  exper iments  i s  th ir ty  percent  (at  a  g iven

flow) and if  f i fteen percent of  a f ish subpopulation marked and released

upstream is actually recovered with that f low, then the estimated mortality
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r a t e  i s  f i f t y  p e r c e n t  ( 1 . 0  - 0.1510.30). At  a  d i f ferent  f l ow with  a

di f ferent  abso lute  sample  e f f i c iency  o f  twenty  percent ,  the  same actual

f i f teen  percent  recovery  may indicate  a  morta l i ty  rate  o f  twenty- f ive

p e r c e n t  ( 1 . 0  - 0.15/0.20). Of course, the actual mechanics of  these

calculations is considerably more complex than simply dividing these

percentages,  but the basic approach is the same.

The diff iculties involved in meeting the assumptions necessary to

estimate population size by this approach make it  a poor choice for use in

a large system such as the Columbia. A major  prob lem is  the  poss ib i l i ty  o f

addi t ions  to  the  populat ion  o f  migrat ing  f i sh . If  one is examining a long

r iver  reach  or  a  ser ies  o f  dams and reservo irs , the estimation procedure

wi l l  break down i f  t r ibutar ies  or  in -r iver  nursery  areas  add  large ,

unaccounted-for migrant populations to the river.

One  way to  get  around th is  d i f f i cu l ty  i s  to  use  an  indirect  sampl ing

method. This  technique  de f ines  the  re lat ive  sample  e f f i c iency  and invo lves

the addition of  two marked groups at different locations. One of these

groups makes the trip through the river reach and is assumed to be subject

to  a l l  the  same causes  o f  morta l i ty  as  i s  the  general  populat ion . The

second marked group enters the river just above the sampling station and is

used  to  determine  the  probabi l i ty  o f  capture  at  that  s tat ion  ( see  F igure

8 . 2 ) . The  probabi l i ty  de f ines  the  re lat ive  e f f i c iency  o f  sampl ing ,  and

does  not  re ly  on  an  est imate  o f  a  long- term abso lute  e f f i c iency . I t  i s

assumed that there are no losses to mortality for the members of  the second

group. Since by definition no recruitment can occur to either marked

group  y the algebra becomes :

and

there fore ,

M - R
i,T - i-l,T(Si-1,i)

M I 1‘i c- m t
i , T  - i,T m i,c

‘i c1 ,

m.
1,C

(g-3)

(8-4)

( 8 - 5 )
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Since

then

s i - 1 , i = MiT
A
R

i - l , T

‘i c mi T
m
i,T

2 -2---
m i , T  mi,c m. ti

S 1lC
i - l , i  =

Z-T i - l , T

F;r R m.
i - l , T 1,Ci - l , T  ~

‘i c
‘i c,

f

where

R
i - l , T

^
M

i , T

s i - 1 , i

‘i c,

(8-6)

(g-7)

is the known marked test subpopulation inserted at the

upstream end of  the reach at point i - l

is  the estimate of  the marked test population at the

sampl ing  locat ion  at  po int  i

i s  the  est imate  o f  the  f ract ion  surv iv ing  through the

reach  f rom po int  i - l  to  po int  i

i s  the  second, or control marked subpopulation inserted

just  upstream o f  po int  i

m
i , T

and m
i , c

are sample sizes from the test and control  populations

a t  p o i n t  i

The method does not depend on an estimate of  the absolute eff iciency

of a sampling scheme and site, but  i t  does  depend  on  the  va l id i ty  o f  the

assumption that sampling from Mi c occurs with the same efficiency as

sampl ing  f rom ii T; that  i s , the’sample captures the same proportion of

f i sh  in  the  contiol  populat ion  as  i t  does  in  the  surv iv ing  test  populat ion .

The indirect method has the disadvantage of  requiring control and test

groups for each mortality study, which means that such studies potentially

can impact more fish.
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Streamflow
d i r e c t i o n

S i t e  i-

S i t e  i

-1 - I n t r o d u c t i o n  o f  T e s t
P o p u l a t i o n  (Hiel  T)

9

,Introduction  o f  C o n t r o l
P o p u l a t i o n  (iii c )

,

C - S a m p l i n g  S i t e  (mi T, mi c )
I ,

Figure 8.2 Schematic of  Sampling Site for Two Test Subpopulations
( Indirect  Sample ) .
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SOME ISSUES BEARING ON SURVIVAL ESTIMATION IN THE COLUMBIA BASIN

Application of  the general techniques described above has given rise

to a number of  issues that have been discussed in the l iterature. These

conveniently may be grouped under three headings: b io logy ,  t iming ,  and

variance or confidence estimation, even though the problems overlap these

categories to some extent.

Biology

The  major  b io log ica l  i ssues  revo lve  around the  re lat ive  condi t ion  o f

hatchery and wild stocks, and the effect of  marking, counting, and other

handl ing  on  the  phys ica l  condi t ion  o f  the  f i sh . I f  hatchery  f i sh  have

lower  dam or  r iver  reach  ( i . e . , in  the  r iver )  surv ival  rates ,  then survival

estimates based on marked subpopulations of  hatchery fish will ,  other

things being equal, underestimate wild fish survival. Furthermore, in

looking  at  r iver  reach  survival  rates , i f  hatchery  f i sh  behave  pecul iar ly

immediate ly  a f ter  be ing  re leased  into  the  r iver ,  then  i t  wi l l  be

problemat ic  to  p ick  a  re lease  po int  at  which  to  insert  the  contro l

subpopulation: i f  too  far  f rom the  sample  po int ,  morta l i ty  o f  the  contro l

group between the release and sample points may become significant;  i f  too

near, sampl ing  e f f i c ienc ies  for  the  two  subpopulat ions  wi l l  be  d i f ferent .

A related question is whether hatchery fish may have conditions

leading to delayed mortality. For example, f ish from hatcheries might

encounter conditions in the hatchery which weaken them, and begin to die

when they reach the river and start to migrate. The test f ish might spend

enough t ime in  the  r iver  to  beg in  suf fer ing  deaths ,  but  the  contro l  f i sh

might not. The resulting survival estimate would reflect migration hazards

and hatchery conditions and thereby overestimate mortality rates associated

with the migration. A conceptually similar issue, discussed below under

timing, concerns the onset of  the changes that lead to migration

( s m o l t i f i c a t i o n ) .

Most of the studies done to date in the Columbia have involved marking

by some combination of  f in cl ipping and freeze branding (some coded wire

tagging has been done, but not in the context of  smolt survival or travel
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time). These require that fish be handled both for marking and mark

reading. The  marking  process  i tse l f  introduces  s tress  that  o ther  hatchery

f ish  do  not  face  which  can contr ibute  to  morta l i ty .  Thus ,  marking  i tse l f

can  be  the  source  o f  b ias  in  the  est imates  o f  surv iva l .

As  for  the  necess i ty  o f  handl ing  the  f i sh  for  mark reading ,  th is  can

be an issue in two senses. F i r s t , i f  large numbers of  f ish have to be

sampled and thus handled to get statistically useful numbers of  f ish from

the two marked subpopulations (in an indirect sampling scheme),  then a

s i g n i f i c a n t  f r a c t i o n  o f  t h e  t o t a l  p o p u l a t i o n  w i l l  b e  s u b j e c t  t o  s t r e s s .

Second, in some indirect sampling methods used to estimate dam mortality,  a

subset of  the f ish sampled are marked at the sampling point and re-released

immediately upstream of the dam to constitute the control group. This

means that some hatchery and some wild fish will be handled, marked, and

re leased- -s tressed- -a f ter  they  have  been  act ive ly  migrat ing  for  severa l

days or weeks. This  may produce  a  d i f ferent ia l  l eve l  o f  s t ress  compared  to

marking  hatchery  f i sh  be fore  they  are  re leased  into  the  r iver .

Timing

Two principal timing issues are worth mentioning. T h e  f i r s t  i n v o l v e s

the spacing in time of experiments. The second concerns the relative

t iming  o f  the  re leases  o f  tes t  and  contro l  subpopulat ions  for  any  s ing le

experiment.

The  just i f i cat ion  for  the  d irect  sampl ing  approach  in  the  Columbia  i s

that sufficient experimentation would allow the estimation of  empirical

functions relating sampling efficiencies to such measurable parameters as

flow and percent of  f low being spil led (see,  for example,  Raymond 1979;

Sims et al. 1982; Committee on Fishery Operations 1983; McKenzie et al.

1984a; McKenzie et al .  1984b; and McKenzie et al .  1985) Such an approach

would allow one to use one group of f ish in a mortality study rather than

two. Unfortunate ly ,  past  e f for ts  to  deve lop  these  funct ions  in  the

Columbia have been disappointing and one stil l  cannot predict the absolute

sampl ing  e f f i c iency  o f  a  g iven  s i te  wi th  any  reasonable  leve l  o f  cer ta inty .
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Because  o f  th is  l imitat ion , researchers in the Colllmbia  Basin

generally rely on indirect sampling methods, which  require  the  use  o f  test

and control groups. Yet, th is  approach  encounters  two  d i f f i cu l t ies

directly related to the two timing issues mentioned above. F i r s t , i f  t h e

test and control group sampling experiments are repeated over the same

reach in the same year, a n d  i f  i t  i s  d e s i r e d  t o  s e p a r a t e  t h e  t e s t  r e l e a s e s

by  at  l east  a  few days  ( see  be low d iscuss ion) ,  the  use  o f  severa l  o f  these

“ r e p l i c a t e s ” could conceivably run the experiment over the period when

smolt ing  f i sh  can  use fu l ly  be  re leased . They might pass their “prime

condi t ion” and could  lose  the ir  dr ive  to  migrate  to  sea . This  s i tuat ion ,

known as “res idual ism” , would bias estimates of  survival by removing non-

migrating fish from the assumed control population fii c. The  re lat ive

sampling efficiency estimated from the control group, ‘m i,c/Mi,c, would be

lower  than the  sampl ing  e f f i c iency  o f  the  test  group,  and thus  the  surv iva l

estimate S would be biased upward. This can be seen from Equation 8-7.

The second complication is that the indirect method requires that

sampling of  test and control  populations proceed at the same efficiency;

t h a t  i s , the same proportion of  test and control  populations must be

sampled at a point. However, as noted above, sampling efficiency depends

on  such  var iab les  as  to ta l  f l ow,  percent  o f  f l ow be ing  sp i l l ed  as  opposed

to passing through the turbines, and probably on temperature,  turbidity,

cloud cover and others as well . These background conditions are constantly

changing at every sampling point.

To complicate matters, control groups may arrive at different times

than the  f i sh  in  the  test  group. If  the control group is removed from the

hatchery and released at a downstream point at the same time that the test

group leaves the hatchery, the control group will  arrive at the sampling

po int  be fore  the  test  group . T h i s  i s  p o t e n t i a l l y  s i g n i f i c a n t  i f  t h e

distance between the release point and the hatchery is more than 20 or 30

ki lometers . Addi t ional ly , i f  t h e  d i s t a n c e  i s  l a r g e ,  t h e  t e s t  g r o u p  w i l l

arr ive  at  the  sampl ing  po int  over  the  course  o f  severa l  days ,  whi le  the

control group will  arrive in a more-compact body. Thus, the control and

test groups may encounter different f low conditions and sampling

e f f i c i e n c i e s  m a y  d i f f e r . This violates the assumption that control and

test group sampling efficiencies are the same.
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On the other hand, if  the control f ish are marked and kept in the

hatchery and held back from release until  the test group makes its way from

the hatchery to the release point, the control group and test group may

arrive at the sampling point at the same time, but with the added

complication of  residualism and perhaps not in the same biological

condi t ion . The control group will  have encountered hatchery conditions for

a longer time than the test group (as discussed above). Sampling

ef f i c ienc ies  and morta l i ty  rates  may d i f fer .

In order to help overcome the problem created by the spread-out

arr iva l  t imes  o f  the  test  group, the  contro l  f i sh  genera l ly  are  re leased

over  the  course  o f  severa l  days . For example, a common design seems to be

to release three control subgroups two days apart. The timing of the

contro l  group re leases  i s  intended  to  be  such  that  the ir  arr iva l  co inc ides

with  and spans  the  t ime o f  arr iva l  o f  the  test  f i sh . Inevitably,  some

averaging over time, and hence over changing conditions,  is necessary.

This is because each control group must be associated with the entire test

group t not  with  any  subset  o f  i t . Therefore, surv ival  wi l l  be  ca lculated

on the  average  resul ts  for  the  three  contro l  groups . This can be

ca lculated  as  the  average  o f  separate ly  ca lcu lated  surv iva ls ,  weighted  by

the size of  each control subgroup,

s = 1
[

-
(Ml,cHS1) + (M2,c)G2) + $p3)] (8-B)

- - -
(Ml,c +  M2,c +  M3,c)

where

s =i

mT

RT for i = 1, 2, 3
(g-9)

m.
1,C

‘i c7

or  as  the  surv iva l  impl ied  by  the  average  o f  the  sampl ing  e f f i c ienc ies ,
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weighted by the size of  each control  subgroup,

s =

where

ASE =

and

mT
-

RT

ASE

1

( ml,c + m2,c + m3,c )
R, c + R* c + R3 c

, , ,

m.
1,c =

number sampled of control subgroup i  = 1,  2,  3

Kc = tota l  number  in  contro l  subgroup i  = 1 ,  2 ,  3
,

mT = number sampled in test group

Fi, = total number in test group

ASE = average sample efficiency

si = survival  based  on  contro l  subgroup i  =  1 ,  2 ,  3

S = average survival

(8-10)

(8 -11 )

Such averaging imparts an unknown bias (both in size and direction) to the

r e s u l t s , espec ia l ly  i f  the  re lat ionship  between sampl ing  e f f i c iency  and

underlying environmental conditions is non-linear. These two estimates of

survival are not in general the same, as some algebra will  convince the

reader.

This approach stil l  leaves the problem of residualism. T h e  c o n f l i c t

between ensuring the simultaneous arrival of  test and control groups on the

one hand, and trying to eliminate residualism by simultaneous releasing

test and control groups on the other, clearly make the choice of  sampling

schemes  d i f f i cu l t . However, recent survival studies (Fish Passage Center

1986a and 1987) have indicated that the stress due to holding of  marked

f ish  in  contro l  groups  i s  more  detr imental  than the  fa i lure  o f  test  and
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control groups to arrive simultaneously at the sampling point. Thus, in

general , test and control group releases have been made simultaneously,

though separated spatially as already explained.

The simultaneous-release, indirect method as currently practiced

conta ins  a  vers ion  o f  ear l ier  at tempts  to  re late  sampl ing  e f f i c iency  to

f l o w s  o r  s p i l l s . Researchers are increasing the number of  sampled fish in

order  to  der ive  indices  to  re late  these  fac tors . Both  the  f ract ion  o f  t ime

(over a 24-hour period) the sampling station operates and the fraction of

river f low passing through the power house are used to derive these

indices . This  lat ter  factor  represents  a  s imple  vers ion  o f  the

re lat ionship  between sampl ing  e f f i c iency  and  sp i l l  ( the  f ract ion  sp i l led

be ing  the  complement  o f  the  f ract ion  pass ing  through the  turb ines ) .  I f

test and control groups are released on the same day, they will  arrive on

different days,  but the indices (when summed over all  the days of  the run)

presumably can correct for the different spills and provide comparable

sampl ing  e f f i c ienc ies .

This indexing approach seems to negate the primary advantage of the

indirect method--the independence of  it  from estimates of  sampling

e f f i c i e n c y . What remains looks a lot l ike the direct method, with control

groups and indices providing a kind of  absolute sampling efficiency

estimate.

Estimating Variance and Confidence Limits for Survival Fractions

Estimates of  populations and survival fractions made by the methods

discussed  above  are  c lear ly  subject  to  many k inds  o f  errors .  Those

introduced by biological problems and the related matter of  timing were

mentioned above. However-, i f  one ignores these complications and assumes

that  every  f i sh  has  the  same probabi l i ty  o f  sul-viving  and every  f i sh  the

same probability of  being sampled, repeated estimates of  the survival

probabilities based on the sampling regime will  be distributed around the

true value.

In such circumstances there are two ways to obtain estimates of  other

d e s c r i p t i v e  s t a t i s t i c s , such  as  the  var iance  o f  the  est imates  o f  surv ival .
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The first is based on the assumed underlying probability model.  This

approach  rece ives  a  fa i r  amount  o f  a t tent ion  in  the  publ i cat ions  o f  the

Columbia smolt monitoring program, though the underlying assumptions and

der ivat ions  are  nowhere  c lear ly  set  out .  Perhaps the most complete

discussion is found in McKenzie et al .  (1985),  where the authors

c o n c e n t r a t e  o n  s t a t i s t i c a l  i s s u e s .  A related but more elaborate model for

est imat ing  the  e f fec t iveness  o f  sp i l l s  in  moving  smolts  past  dams is  set

out with some care in Stuehrenberg et al .  (1986).  In the notation

developed above, the formula presented by McKenzie et al .  for the variance

of  the  surv ival  est imate  i s :
m.
1,t

1 m.
Var(S)  =

CR j2
V a r  2

i-l ,T ‘i c,

(8 -12 )

m.
l,t

2

1 m.
= 1,c

(ii i - l , T )2 Ri c
,

Using this formula, the standard

m.
1,c

Var(mi  T) Fi
V a r  i , c

(m i,T
‘2 + mic2
) 2

‘i c,

deviations for the smolt experiments run

over  the  past  5  to  6  years  are  impress ive ly  smal l ;  there fore ,  the  95

percent confidence intervals are impressively narrow (for example,  see

McConnaha  and Basham  1985).

However, the standard errors are considerably larger when calculated

us ing  the  actual  surv iva l  va lues  for  the  2  or  3  rep l i cate  exper iments  for  a

given river reach and year. Most important,  because of  the small  sample

s izes  (number  o f  rep l i cates )  and  the  accompanying  large  t  s tat is t i cs ,  the

resul t ing  large  conf idence  intervals  render  the  po int  est imates  o f  surv iva l

probabi l i t ies  essent ia l ly  meaningless .  To get a sense of  the importance of

the  number  o f  rep l i cates  in  th is  ca lculat ion ,  cons ider  the  resul ts

presented in Table 8.1 (reproduced from Fish Passage Center 1986a).

Junge (internal Fish Passage Center memo reproduced in Fish Passage

Center  1986b)  force fu l ly  descr ibes  the  s tat is t i ca l  prob lems o f  surv iva l

estimation and hence of river management policy analysis:
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Variances of  estimates considered here should never be made based
on  idea l ized  probabi l i ty  models .  Except  for  some tests  o f
turbines and spillways where immediate mixing of control and
exper imental  re leases  occur , such  est imates  are  i l l og ica l  and can
be very misleading. The many sources of variation, other than
those estimated with idealized probability models,  should make
this very apparent.  For example, i n  t e s t i n g  m o r t a l i t i e s  p a s s i n g
the five mid-Columbia dams, i t  i s  t h e o r e t i c a l l y  p o s s i b l e  t h a t  a
part i cu lar  re lease  would  pass  a l l  dams over  sp i l lways  with  a
m o r t a l i t y  l e s s  t h a n  1 0  p e r c e n t  ( a t  3  p e r c e n t  p e r  s p i l l ) ;  o r  a-
release  could  pass  a l l  dams through turbines  with  a  morta l i ty  o f
over  44  percent  (at  11  percent  per  turb ine) .  In  low f low years ,
reservo ir  morta l i t ies  can  great ly  exceed  morta l i t ies  at  the  dams;
and even in normal f low years, the  var iat ions  in  morta l i ty
depending upon the migratory path can be excessive (for example,
due  to  predat ion  or  res idual i sm) .  I t  i s  n o t  d i f f i c u l t  t o  f i n d
cases where confidence intervals based on models is a tiny
f r a c t i o n  o f  t h e  c o n f i d e n c e  i n t e r v a l  i n d i c a t e d  b y  r e p l i c a t e
est imates .

Even more important, researchers planning such studies always
approach  s tat is t i c ians  to  es t imate  the  number  o f  recover ies  needed
for  an  adequate ly  prec ise  est imate .  It  may be reasonable to
require a minimum number of recoveries,  but it  should not be
inferred in any way that the idealized variance based on these
r e c o v e r i e s  i s  a p p l i c a b l e .  A s  s t a t e d  e a r l i e r ,  e s t i m a t e s  o f
variance should be made directly from replicate experiments.  The
more proper question for the researchers is:  How many replicates
do  we  need?  Of  course , we  f i rs t  need  some va l id  es t imates  o f
var iance  based  on  proper ly  contro l led  rep l i cates .

The problem with this advice is that increasing the number of

rep l i cates  (us ing  the  f reeze -branding /c l ipp ing  mark technology)  increases

the number of  f ish that have to be handled. T h i s  r e s u l t s  i n  o b j e c t i o n s  o n

the  bas is  o f  both  expense  and,  probably  more  important ,  o f  r i sk  to  a  large

f r a c t i o n  o f  t h e  j u v e n i l e  r u n .  T h u s , even where apparently straightforward

survival  probabi l i ty  est imat ion  i s  concerned , the smolt monitoring program

managers  f ind  themselves  in  a  d i f f i cu l t  pos i t ion .  A  s ing le  es t imate  o f

surv iva l  probabi l i ty  for  a  long  s tretch  o f  the  Columbia  or  for  one  o f  i t s

tributaries does not provide much understanding of  the relation between

survival  and po l i cy  cho ices , yet more extensive studies may endanger the

smolt.

What hope is there for future success in pursuing the goal of  improved

smolt monitoring? One  poss ib le  answer  to  th is  quest ion ,  bettel- technology ,

i s  d iscussed  in  the  next  sect ion .
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Table 8.1

Population

5 3- -

1985

.45 .088

.45 .088

.45 .088

.45 .088

.45 .088

1986

-46 .lll
.46 .lll
.46 .lll
.46 .111
.46 .lll

Effect of  Increasing Number of  Replicates on Precision of  Mean
Survival Estimate of Winthrop Hatchery Spring Chinook, Assuming
Mean Survival (S) and Standard Deviation (b) Estimates from 1985
and 1986

Number of Standard t  Distr ibut ion  95% Conf idence  Intervalb

R e p l i c a t e s  (n) E r r o r  (Yin) valuea Range % of  mean S

2 .062 12.706 .79 175
3 -051 4.303 -22 49
4 .044 3.182 .14 31
5 .039 2.776 .ll 24
6 .036 2.571 .09 21

.078 12.706 .99 215

.064 4.303 .26 60

.055 3.182 .18 38

.050 2.776 .16 30

.045 2.571 .12 25

aSignificant  leve l  = 0 .05  and  degrees  o f  f reedom n- l

b
Equals  tc,2 ( n - l  d . f . )  V/n
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IMPROVEMENTS IN MONITORING TECHNOLOGY

Advances are being made in smolt monitoring technology along two

l i n e s . F i r s t , improvements in monitoring equipment, the actual devices

which  a l low one  to  detect  the  passage  o f  f i sh ,  add  to  the  in format ion

content  o f  data  which  are  be ing  co l lec ted . Second, recent developments in

stat is t i ca l  methodolog ies  permit  one  to  draw stronger  in ferences  f rom the

data as they become available.

Nei ther  o f  these  two  advances  const i tutes  a  so lut ion  to  the  prob lems

of smolt monitoring, but both contribute to an improvement in monitoring

c a p a b i l i t i e s . Each in part depends on the other. More precise and

accurate  monitor ing  equipment  i s  use less  i f  s tat is t i ca l  methodolog ies  are

too weak to draw useful inferences from the improved data. Similarly, much

of  the  promise  o f  new stat is t i ca l  methods  rests  on  the  avai lab i l i ty  o f  more

accurate  data  that  wi l l  resul t  f rom the  appl i cat ion  o f  new monitor ing

devices .

To  set  the  s tage  for  a  br ie f  cons iderat ion  o f  three  major  advances  in

monitoring equipment--hydroacoustic monitoring, radio transmitter tags,  and

pass ive  integrated  transponder  (PIT)  tags - - cons ider  the  character is t i cs

that an ideal technology would display:

- i t  should  invo lve  ident i fy ing  labe ls  (marks  or  o ther  dev ices )
w h i c h  a r e  e a s y  t o  i m p l a n t  i n  e a c h  f i s h  ( o r  b e t t e r  s t i l l ,  n o t
invo lve  marking  at  a l l )

- the  implantat ion  o f  ident i fy ing  labe ls  should  not  cause  the
death of any marked fish, nor  impair  any  f i sh ’ s  funct ioning  (As
a  c o r o l l a r y , i t  should  not  be  necessary  to  se lec t  extra  large ,
s t r o n g  f i s h  t o  a c h i e v e  t h i s . The requirement should be met
when average sized juveniles are used.)

- the  ident i fy ing  labe ls  should  carry  enough in format ion  so  that
indiv idual  f i sh  can  be  uniquely  ident i f ied  as  they  pass  a
monitor ing  s tat ion

- no  handl ing  o f  the  f i sh  should  be  required  ( reading  the
ident i fy ing  labe l  o f  each  f i sh  should  be  done  remote ly )

- reading should be accomplished without having to channel f ish
into special passages or chambers--a river census of  marked
f i sh  should  be  poss ib le

I -8 -21



- detect ion  e f f i c iency  ( f ract ion  o f  marked  f i sh  pass ing  a  po int
that  have  the ir  ident i fy ing  labe ls  read)  should  be  c lose  to
1.00

- the  ident i fy ing  labe l  should  surv ive  in  or  on  the  f i sh  through
the  ent i re  outmigrat ion ,  the  per iod  at  sea ,  and  the  adul t
spawning migration

- the  ident i fy ing  labe ls  should  be  inexpens ive

- the detection system should interfer only minimally with
pro jec t  operat ions

Measured against these enormously high standards,  the advances described

below leave  much to  be  des ired .  I t  i s  poss ib le ,  however ,  that  further

research could push them towards these ideals.

Hydroacoustic Monitoring

Hydroacoust i c  monitor ing  invo lves  the  use  o f  sonar ,  insta l led  in  dam

f orebays, to estimate the number of  f ish passing through one or another

p a r t  o f  t h e  s t r u c t u r e . ( see ,  f or  example ,  Raemhi ld  e t  a l .  1984 ,  1985a,  and

1985b). The  major  advantage  o f  the  method  i s  that  i t  a l lows  detect ion  o f

f i sh  at  the  normal  passage  po ints - -espec ia l ly  turb ines  and  sp i l lways- -and

does  not  require  spec ia l  channel ing  o f  l imited  numbers  o f  f i sh  out  o f  the

main body of migrants. It  also does not require handling or marking of any

f i s h .

I n  p r i n c i p l e , each project in the system could be equipped with

hydroacoustic equipment to monitor fish passage at every aperture,  24 hours

a day. I n  p r a c t i c e , a t  l e a s t  s o  f a r ,  o n l y  a  f e w  d a m s ,  o n l y  a  f r a c t i o n  o f

the  to ta l  area  o f  routes  through each  covered  dam,  and  only  a  f ract ion  o f

each 24 hours are covered. There fore , the use of  hydroacoustic monitoring

to  date  has  been  conf ined  to  es t imat ing  the  re lat ive  numbers  o f  f i sh

approaching the dams which pass through spillways and turbines under

d i f f e r e n t  f l o w  a n d  s p i l l  c o n d i t i o n s .  T h e  p r i n c i p a l  l i m i t a t i o n s  o f

hydroacoust ic  monitor ing  are  that :

(1) only  est imates  o f  the  to ta l  number  o f  f i sh  are  avai lab le ,  s ince

i t  d o e s  n o t  a l l o w  t h e  i d e n t i f i c a t i o n  o f  a n y  p a r t i c u l a r  s p e c i e s ,

population, or sample;  and
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(2) i t s  d e t e c t i o n  e f f i c i e n c y  a n d  e r r o r  s t r u c t u r e  a r e  p o o r l y  d e f i n e d

because there has been no way of verifying the hydroacoustic

counts by independently counting the fish moving through the

monitored apertures.

Radio Transmitter Tags

The  radio  t ransmitter  tag  technology  invo lves  the  implantat ion  o f

smal l  radio  t ransmitters  into  a  smelt’s s tomach,  through insert ion  down the

throats  o f  marked  indiv iduals  (Stuehrenberg  et  a l .  1986) . The transmitters

broadcast intermittent coded messages, and there is enough information

c a r r y i n g  c a p a c i t y  i n  t h e  b r o a d c a s t  p u l s e s  t o  a l l o w  i d e n t i f i c a t i o n  o f

i n d i v i d u a l  f i s h .

This  method current ly  has  several  ser ious  l imitat ions . F i r s t ,  t h e

large  s ize  o f  the  t ransmitter  and  battery  package  necess i tates  the

se lect ion  o f  large  smolts  for  marking , which  introduces  poss ib le  b ias .

(Stuehrenberg  et  a l .  (1986),  however , assert that the population of  marked

f ish  are  not  s igni f i cant ly  larger  than s imultaneous ly  netted  samples  o f

unmarked fish from the river.) Furthermore, even  with  a  large - f i sh

s e l e c t i o n  p o l i c y , there is evidence of  impairment of  swimming ability and

buoyancy control.

Second, the  current  t ransmitters  have  too - l imited  l i fe t imes  and

ranges. The minimum lifetime of normally functioning equipment is said to

be  3  days ,  and  based  on  a  Stuehrenberg  et  a l .  graph (1986 ,  p .  19 )  i t

appears that median time to failure is 5 days, with  no  tags  last ing  longer

than about 8 days. This precludes experiments involving any substantial

port ion  o f  the  bas in , where several weeks of  monitoring would be required

just  to  insure  fu l l  coverage  o f  a  migratory  event .

A  f i n a l  l i m i t a t i o n  o f  t h e  t e c h n o l o g y  r e l a t e s  t o  t h e  c o n c e n t r a t i o n  o f

tagged  f i sh . The detection equipment has been unable to sort out

individual f ish when the number of tags transmitting on the same frequency

(o f  n ine  avai lab le  f requenc ies )  in  the  same area  exceeds  s ix .
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The ex is t ing  use  o f  radio  t ransmitter  tags  has  been  l imited  to

appl i cat ions  invo lv ing  a  s ing le  dam.  The  range  o f  the  transmitters ,  us ing

the  or ig inal  detect ion  equipment , has been reported to be between 100 and

1000 meters, depending on the depth of  the f ish.  (If  f ish were swimming at

a depth greater than 7.5 meters, the ir  s ignals  were  undetectable  by  above-

water antennae.)  There are plans to add underwater antennae in future

work ,  but  even  1000  meters  i s  not  a  great  d is tance  on  a  r iver  the  s ize  o f

the Columbia.

For whatever combination of range, depth, and message-sorting reasons,

the  detect ion  rates  reported  in  Stuehrenberg  e t  a l .  (1986)  are  in  the

neighborhood of  70 percent, with substantial variation between experiments.

I f  t h i s  p r o b l e m  o f  l o w - d e t e c t i o n  a n d  h i g h - v a r i a b i l i t y  p e r s i s t s ,  t h e

confidence l imits on numbers detected and hence on survival probably would

be  large  enough to  quest ion  the  ut i l i ty  o f  the  resul ts .  The 95 percent

conf idence  intervals  reported  by  Stuehrenberg  e t  a l .  (1986 ,  pp .  8 -11)  were

ca lcu lated  on  the  bas is  o f  the ir  probabi l i ty  model .  The estimates of

surv iva l  for  the  two  test  condi t ions  show d iscrepanc ies  between the  model ’ s

predic t ions  and the  actual  resul ts , r e c a l l i n g  a t t e n t i o n  t o  t h e  s t r i c t u r e s

set out by Junge and discussed in the previous section.

As  current ly  des igned  and bui l t , radio transmitting tags may be useful

for  evaluat ing  morta l i ty  at  indiv idual  dams,  but  not  for  system-wide

studies .  Hope  for  the  future  rests  on  the  product ion  o f  a  t ransmitter  tag

that  i s  smal ler , ab le  to  be  inserted  so  that  i t  does  not  inter fere  wi th

t h e  f i s h e s ’ c a p a b i l i t i e s , o f  greater  t ransmitt ing  power ,  capable  o f

transmitt ing  more  in format ion  per  pulse ,  and longer - last ing .  These

requirements  p lay  to  the  s trength  o f  current  deve lopments  in  e lec tronics ,

so substantial improvements may take place.

Passive Integrated Transponder Tags

PIT tags  are  analogous  to  the  equipment  insta l led  on  a ircra f t  for  a i r

t r a f f i c  c o n t r o l  p u r p o s e s .  They do not actively transmit information but

remain  pass ive  (quiet )  unt i l  t r iggered  by  a  burst  o f  energy  rece ived  f rom

the detection equipment transmitter.  The  resul t ing  pulse  avai lab le  to  the

detect ion  equipment  i s  sa id  to  be  capable  o f  carry ing  enough in format ion  to
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a l l o w  3 5  b i l l i o n  i n d i v i d u a l  s i g n a l s . This certainly should be enough to

cover any conceivable experiments in the Columbia (see Prentice and Park

1984;  Prent ice  e t  a l .  1985) .

T h i s  t a g  t h e o r e t i c a l l y  a l l o w s  r e s e a r c h e r s  t o  f o l l o w  i n d i v i d u a l  f i s h

from the top to the bottom of the river system. Furthermore, the use of  a

number  o f  rep l i cates  per  season  would  a l low for  var iat ion  in  contro l

condi t ions  against  a  background o f  natural  var iat ion ,  but  with  h igh

intraseason autocorre lat ion . The  tag  vo lume i tse l f  i s  on ly  2  percent  that

o f  the  radio  t ransmitter  tag  and i t  may be  inserted  into  the  body  cav i ty  o f

t h e  f i s h  b y  i n j e c t i o n . I t  i s  t o o  s m a l l  t o  h a v e  a n y  e f f e c t  o n  t h e  f i s h ’ s

performance, i f  c o r r e c t l y  i n s e r t e d ,  a n d  i t s  l i f e t i m e  i s  a p p a r e n t l y

unlimited. (The current insertion method aims at having tags survive in

the  f i sh  f rom smolt  to  returning  adult  s tage . ) I t s  d e t e c t i o n  e f f i c i e n c y

averaged  90  percent ,  in  a  recent  pro ject , a l though the  test  condi t ions  in

this  pro ject  were  establ i shed  art i f i c ia l ly  and d id  not  mimic  the  s i tuat ion

at a dam. ( P r e n t i c e  e t  a l .  1 9 8 5 )

As  with  the  other  technolog ies ,  PIT tags  have  l imitat ions .

Researchers  wi l l  need  to  deve lop  a  method  o f  insert ion  that  i s  fast ,  easy ,

and does  not  resul t  in  h igh  fata l i t ies  f rom puncture  o f  v i ta l  organs . More

important ,  detect ion  wi l l  require  guid ing  the  f i sh  into  some sort  o f

tunnel ,  because  the  e f fec t ive  detect ion  range  i s  a  matter  o f  cent imeters .

In the current situation at the Columbia River System dams, this l imitation

reintroduces all  the problems of sampling at each dam that the two previous

methods avoid. This  i s  because  the  major i ty  o f  the  run-o f - r iver  dams in

the Columbia and Snake Rivers do not have the sophisticated bypass systems

in  p lace  that  are  necessary  to  establ i sh  permanent  detect ion  s tat ions .

While no handling of  sampled fish would be required,  the size of  the tagged

population would have to be chosen so that at (probably very low) sampling

e f f i c i e n c i e s , numbers  o f  detected  f i sh  would  be  suf f i c ient  to  produce

s i g n i f i c a n t  s t a t i s t i c s . In  addi t ion ,  because  sampl ing  e f f i c iency  would  be

unknown a priori, test and control  groups of  tagged fish would have to be

prov ided  as  they  are  now with  f reeze  branding ,  in  order  to  es tab l i sh  an

estimated r e l a t ive sampl. i n g  e f f i c i e n c y .
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Thus, PIT tags  current ly  seem to  o f fer  only  the  advantages  o f  long-

l i fe  and  o f  not  requir ing  that  f i sh  be  handled  for  reading .  The

exper imental  des igns  feas ib le  wi th  th is  technology  are  restr i c ted  by  the

necess i ty  to  introduce  contro l  populat ions  to  est imate  sampl ing

e f f i c i e n c i e s .  However, i f  the  current  goa l  o f  insta l l ing  f i sh  bypasses  and

fish guidance equipment at every dam is met,  and if  those structures have

the necessary PIT tag reading equipment, the technology may offer a

significant improvement in smolt monitoring.

Advances  in  Stat is t i ca l  Methodo log ies

Congruent to the development of  monitoring equipment,  statistical

analysts continually have been looking for better ways to make inferences

from the available data. Foremost , a recent monograph by Burnham  et al .

(1987)  represents  a  quantum jump in  s tat is t i ca l  r igor  for  analysts  t ry ing

to  est imate  the  surv ival  o f  migrat ing  smolts  us ing  re lease -recapture

methods. Due to the potential  importance of  this text and the methods that

i t  d e s c r i b e s , a  br ie f  overv iew o f  the  re lease -recapture  methods  i s

presented below.

A second advance  in  analyt i ca l  capabi l i ty  i s  the  s tochast i c

compartment model of  reservoir passage, which is discussed in Chapter 4.

In the reservoir passage model presented there,  smolt migration through a

r e s e r v o i r  o c c u r s  a s  a n  i r r e v e r s i b l e  p a r t i c l e  d i f f u s i o n  p r o c e s s .  This

approach incorporates techniques which are novel to the study of  downstream

migrat ion ,  but  which  have  been appl ied  success fu l ly  in  o ther  d isc ip l ines .

These  two  e f for ts  have  a imed in  d i f ferent  d i rec t ions  and  been

d e v e l o p e d  f o r  d i f f e r e n t  p u r p o s e s .  T h e r e f o r e ,  t h e y  e x h i b i t  d i s t i n c t  t r a i t s .

However, the two methods complement each other quite well, as demonstrated

i n  a  f o l l o w i n g  s e c t i o n .

Release-Recapture Methods

T h e  t e x t  b y  Burnham  e t  a l . , Design and Analysis Methods for Fish~- - -
Survival Experiments Based on Release-Recapture (American Fisheries Society~ -
1987), presents the most complete and comprehensive treatment of  this topic
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which has been published to date.  The text was made possible by a grant

from the  Chelan County  Publ ic  Ut i l i ty  Distr i c t , so  the  authors  deve loped  i t

with  part i cu lar  re ference  to  the  problems fac ing  f i shery  managers  in  the

Columbia River Basin. The book focuses on how to determine the extent and

nature  o f  the  impacts  o f  spec i f i c  t reatments  on  surv ival  rates  o f  migrat ing

f i s h .  Within  the  text , t reatments  usual ly  re fer  to  in -r iver  dam passage  in

one mode or another,  but one also could apply the available methods to

s i tuat ions  in  which  treatments  re fer  to  pre -re lease  events .

A premise of  the monograph is that two or more groups of  f ish will  be

d iv ided  among test  ( “ t reatment” )  and  contro l  populat ions ,  both  o f  which  are

marked, r e l e a s e d  i n t o  t h e  r i v e r , and recaptured at one or more sampling

sites downstream. The “treatment  e f fec t ” i s  d e f i n e d  a s  t h e  r a t i o  o f  t e s t

f i s h  s u r v i v a l  t o  c o n t r o l  f i s h  s u r v i v a l .  In an example given in the text,

tes t  f i sh  are  re leased  in  the  forebay  o f  a  part i cu lar  dam and contro l  f i sh

are released immediately downstream of the dam in the tailrace.  One or

more dams which occur further downstream are used as sampling or recapture

s i t e s , where  the  rat io  o f  contro l  to  t reatment  f i sh  i s  obta ined .

The  authors  present  four  protoco ls  for  the  des ign  and analys is  o f  such

experiments. The differences among protocols rest on whether each fish

carries a unique mark and whether fish are subject to recapture more than

o n c e  ( i . e . , if a marked fish captured at Dam 2 would be released again and

subject  to  capture  at  Dams 3 ,  4,..., k) .  Protoco ls  a lso  are  d is t inguished

by their ability to test model assumptions and hypotheses.  Each protocol

has clearly defined assumptions, a s  w e l l  a s  a n  e x p l i c i t  t h e o r e t i c a l

development of  the estimatable parameters and their variances and

covar iances .  S e l e c t i o n  o f  a  p a r t i c u l a r  p r o t o c o l  r e p r e s e n t s  a  t r a d e o f f

between e f for t ,  expense , and the  extent  o f  s tat is t i ca l  in ferences  which  can

be drawn from the experiment.

The  most  in format ive  o f  the  protoco ls  i s  the  “ complete  capture  h is tory

p r o t o c o l ” in which each fish bears a unique mark and may be recaptured more

than once. The  authors  cons ider  th is  protoco l  to  be  superior-  to  the  o thers

because it  requires fewer assumptions, can test more key assumptions, and

o f f e r s  g r e a t e r  f l e x i b i l i t y  i n  t h e  e s t i m a t i o n  o f  p a r a m e t e r s .  Appl i cat ion  o f
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this protocol will  be feasible using new advances in equipment such as PIT

tags.

Some of  the more applied aspects of  the Burnham  et al .  text come from

the chapters on replication and planning of  experiments.  The  d iscuss ion  o f

repl i cat ion  s tresses  the  po int  that  actual  sample  var iances  o f  surv iva l

est imates  are  l ike ly  to  exceed  theoret i ca l  var iances  by  a  cons iderable

amount (see above discussion).  To get around this,  experiments can be

repl i cated  by  subdiv id ing  the  re lease  groups .  T h i s  i s  e a s y  t o  d o  i f  e a c h

fish carries a unique mark and there are ways of randomly assigning

i n d i v i d u a l s  t o  r e p l i c a t e  g r o u p s  ( e . g . , b y  u s i n g  t h e  l a s t  d i g i t  o f  t h e

individual tag numbers).

The chapter on planning experiments covers such topics as the

se lec t ion  o f  an  exper imenta l  protoco l  and  d iscusses  e f for t  and  sample  s ize

cons iderat ions .  L ike  the  repl i cat ion  chapter , i t  a l s o  s t r e s s e s  r e p l i c a t i o n

of experiments.  One  interest ing  observat ion  f rom this  sect ion  i s  that  in

t h e  e f f o r t  t o  i n c r e a s e  t h e  a c c u r a c y  o f  s u r v i v a l  e s t i m a t e s ,  i t  i s  m o r e

e f f i c ient  to  increase  the  recovery  rate  than to  increase  the  number  o f

marked and released fish. In other words, one can get equivalent

information from a sample size of  less than half  the normal size by

doubl ing  the  rate  o f  recovery .  These  observat ions  p lay  to  the  s trengths  o f

PIT tags.

A  f ina l  note  about  the  text  i s  that  an  interact ive  computer  program

(RELEASE) has been developed which makes the analysis of release-recapture

data  fa ir ly  s tra ight forward .  A  copy  o f  th is  program is  avai lab le  f ree  o f

charge from Dr. Gary C. White of  Colorado State University.  As with any

s t a t i s t i c a l  p a c k a g e , the  resul ts  o f  the  analyses  can  only  be  as  good  as  the

data which go into them. I t  i s  t h e  r e s p o n s i b i l i t y  o f  t h e  f i s h e r y

invest igators  to  insure  that  the  re lease -recapture  exper iments  are  carr ied

out in a manner which is consistent with the assumptions inherent in the

analyses .
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Compat ib i l i ty  o f  Stat is t i ca l  Models

T h e  s t a t i s t i c a l  a p p r o a c h  o f  Burnham  e t  a l .  a n d  t h e  s t o c h a s t i c

compartment model of reservoir passage proposed in Chapter 4 have been

deve loped  for  d i f ferent  purposes  and  have  d i f ferent  character is t i cs .

However, because they address separate aspects of  the general problem of

downstream survival, the two methods complement each other nicely.

The  re lease -recapture  protoco ls  pr imar i ly  have  been  deve loped  to

address  s i tuat ions  in  which  the  test  f i sh  suf fer  some acute  or  immediate

damage, as  opposed  to  a  chronic  e f fec t .  For example,  f ish which are

mortally injured as they pass through a turbine may die immediately or

within a few kilometers of  the dam. The  probabi l i ty  assoc iated  with  be ing

ki l led  by  turb ine  passage  i s  assumed to  be  the  same for  a l l  f i sh  pass ing

through the turbine. In  contrast , the reservoir passage model is concerned

w i t h  t h e  c h r o n i c ,  l o w e r - l e v e l  m o r t a l i t y  r i s k s  ( e . g . ,  f r o m  p r e d a t i o n  o r

disease) which are always present as the fish migrate through the

r e s e r v o i r .  For example, in  the  reservo ir  passage  model ,  the  longer  that  a

f i sh  s tays  within  a  g iven  reservo ir , t h e  m o r e  l i k e l y  i t  i s  t h a t  t h a t  f i s h

w i l l  d i e  w i t h i n  t h a t  r e s e r v o i r .  Thus, a fish which migrates through the

reservo ir  quickly  has  less  chance  o f  dy ing  than a  f i sh  which  migrates

s lowly .

In a sense, the  reservo ir  passage  model ’ s  premise  that  the  probabi l i ty

o f  passage  i s  a  funct ion  o f  the  t ime in  t rans i t  v io lates  an  assumpt ion  o f

the  re lease -recapture  protoco ls .  Since the reservoir passage model

expl i c i t ly  models  t ime in  trans i t  as  a  random var iable  which  fo l lows  a

gamma distribution, the  probabi l i ty  o f  surv iva l  i s  a  random var iab le  as

w e l l .  In  contrast , the  re lease -recapture  protoco ls  assume that  f i sh  with in

each  group ( test  or  contro l )  are  homogenous  with  respect  to  surv iva l

probabilj  t i e s ;  t h a t  i s , the  probabi l i ty  o f  surv iva l  i s  the  same for  both

groups.

The  pract i ca l  impl icat ions  o f  th is  incons is tency  may be  re lat ive ly

i n s i g n i f i c a n t .  Burnham  e t  a l . claim that the estimators which are used

w i t h i n  t h e  r e l e a s e - r e c a p t u r e  p r o t o c o l s  a r e  f a i r l y  r o b u s t  t o  ( n o t  a f f e c t e d

by)  v io lat ions  o f  the  assumpt ion  o f  homogenei ty .  A useful experiment to
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test this claim would be to set up a simulation experiment which mimics the

type of  release-recapture data that would be expected under reservoir

passage conditions predicted by the reservoir passage model and to analyze

this  data  us ing  the  re lease -recapture  protoco ls .  The RELEASE computer

program should facil itate such an experiment.  Options within the program

al low one  to  use  Monte  Car lo  s imulat ion  to  test  the  sens i t iv i ty  o f  surv iva l

parameter estimates to heterogeneity in survival and recapture

p r o b a b i l i t i e s .

The fact that one can apply both the reservoir passage model and the

release-recapture protocols to the same data sets without any apparent

inconsistencies in assumptions (other than the one mentioned above) is

encouraging. Both methods use release-recapture data,  although the

reservoir passage model requires additional information on the time delay

between release and recapture.  Both methods would benefit  from additional

in format ion  on  indiv idual  f i sh .

Future Directions for the Smolt Monitoring Program

To review, the  two  pr inc ip le  ob ject ives  o f  smolt  monitor ing  are : (1)

to  keep  track  o f  the  outmigrat ion  as  i t  progresses ,  in  order  to  manage

spi l l s  and  f low enhancement  to  benef i t  the  smol t ;  and  (2 )  to  permit  an

a s s e s s m e n t  o f  t h e  b i o l o g i c a l  e f f e c t i v e n e s s  o f  a l t e r n a t i v e  m i t i g a t i o n

s t r a t e g i e s .  Whether or not the current smolt monitoring program adequately

meets  the  f i rs t  ob jec t ive  i s  open  to  debate .  A recent study by Skalski

(1988)  presents  rather  convinc ing  arguments  that  i t  does  not .  There  i s

a lso  l i t t le  doubt  that  the  current  monitor ing  program fa l l s  far  short  o f

f u l f i l l i n g  t h e  s e c o n d  o b j e c t i v e .  T h e r e f o r e , t h e  c h a l l e n g e  i s  t o  r e f i n e  t h e

monitoring program such that it  serves both of these objectives at minimum

cost and without causing undue stress on the outmigrating smolts.

An effective smolt monitoring program requires adherence to the

f o l l o w i n g  p r i n c i p l e s :

(1 )  the  purpose (s )  o f  each  monitor ing  exerc ise  or  exper iment  must  be

c l e a r l y  d e f i n e d ;
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(2 )  the  techniques  which  are  to  be  appl ied ,  inc luding  exper imental

design, equipment, and analytical methods, must match the stated

purpose  o f  the  exerc ise ;  and

(3 )  there  must  be  a  commitment  o f  suf f i c ient  resources  and e f for t  to

complete  the  exerc ise .

Any monitoring program which might be proposed will  reflect a tradeoff

among e f fec t iveness ,  cost , and  potent ia l  inter ference  with  the  migrat ion .

For example, increased use of  remote sensing technologies such as PIT tags

and hydroacoustics can reduce the handling stress which is associated with

monitor ing ,  but  great ly  increase  equipment  costs .  Furthermore, although

investment in research and monitoring programs does not guarantee

p r a c t i c a l , e f f e c t i v e  r e s u l t s , such investment may pay off many-fold.

Responsible parties need to make decisions about the amount of money and

ef for t  that  can  be  devoted  to  monitor ing  and research .  The  recent  h is tory

of smolt monitoring in the Columbia Basin suggests that fishery managers

are  re luctant  to  exper iment  with  a l ternat ive  mit igat ion  approaches ,  because

such experiments may endanger smolts. However, we  be l ieve  i t  i s  worthwhi le

to  cons ider  a  new strategy  to  improve  research  e f for ts  and  mit igat ion

evaluat ions .

A NEW STRATEGY FOR SMOLT MONITORING

Step 1: A  S h i f t  i n  P r i o r i t i e s

The first step in improving the smolt monitoring program should be to

ass ign  a  h igher  pr ior i ty  to  research .  The existing evidence supports

ne i ther  a  content ion  that  research  i s  “ too  r i sky”  nor  a  pos i t ion  that

current flow management practices maximize smolt survival.  For example,

work by Miller and Sims (1984) questions the validity of  current management

pract i ces  by  demonstrat ing  that  cons is tent , robust  re lat ions  between f low

o r  s p i l l  f r a c t i o n s  a n d  s u r v i v a l  d o  n o t  e x i s t .  The survival estimates and

accompanying management strategies produced to date,  while interesting,

appear  to  be  insuf f i c ient ly  r igorous  to  a l low even  pairwise  comparisons ,

were those appropriate.  Cons ider ing  that  f l ows  and  sp i l l s  and  other

factors  have  var ied  whi le  these  exper iments  have  been  in  progress ,  there  i s
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very l ittle that can be said about how the management of  these factors

a f f e c t s  s u r v i v a l .  I t  appears  counter -product ive  to  ob jec t  to  increases  in

tagging  exper iments  for  fear  o f  “damaging  the  run” or  to  re fuse  to  use

management capabilities to support monitoring experiments on the basis that

part i cu lar  f low and sp i l l  patterns  are  “ required”  to  enhance  the  run.

This  i s  not  to  suggest  that  research  should  proceed  reckless ly .  But

the search for a better understanding demands commitment. No research

w o r t h  d o i n g  w i l l  b e  t o t a l l y  w i t h o u t  r i s k  o f  l o s s  t o  j u v e n i l e  f i s h ,  b u t  a

program without research may preclude opportunities to enhance the

product ion  and surv iva l  o f  juveni le  f i sh .

Step 2: Better Use of  Technology

Given that the amount of  resources that can be devoted to monitoring

and evaluat ion  are  l imited , the key to better understanding of  downstream

migration is to maximize the amount of  information that is obtained from

each monitoring exercise and from each fish which is marked or handled in

any way. This  invo lves  not  only  the  use  o f  improved  technolog ies ,  but  a lso

c loser  at tent ion  to  exper imenta l  des ign  and  bet ter  coord inat ion  o f  e f for t

among the involved research and management agencies. A  success fu l  research

ef for t  needs  a  wel l - conce ived  exper imenta l  des ign  or  a  set  o f  a l ternat ive

des igns ,  with  cost  est imates ; an agreement on which design(s)  should be

implemented; and a commitment to complete the experiments.

Experiments to estimate survival seemingly have failed in the past,

because  o f  a  combinat ion  o f  insuf f i c ient  recovery  o f  marked  f i sh  and l i t t le

or  no  rep l i cat ion  o f  exper iments .  The percentage of  marked fish recovered

and the number of  experimental replicates have to be increased, in order

both to provide more precise estimates of  survival parameters and to reduce

the  ranges  o f  the  impl ied  conf idence  intervals  to  acceptable  leve ls .  Since

huge increases in the numbers of  marked and released fish are unlikely,  the

only  a l ternat ive  for  obta in ing  bet ter  in format ion  i s  to  increase  the

recapture  rate  o f  marked  f i sh .

For conventional marking techniques such as freeze-branding, which

requires  up-c lose  v isual  inspect ion  to  read  the  marks ,  an  increase  in  the
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recapture rate implies handling increased numbers of  f ish passing the

sampling station. This  i s  appropr iate  only  i f  the  f i sh  wi l l  be  pass ing  the

sample  po int  in  h igh  concentrat ions ;  that  i s , they are sampled (recaptured)

at  short  d is tances  f rom the ir  re lease  s i te  and within  a  short  t ime

fo l lowing  re lease .  The marked fish can not have time to disperse,  or an

enormous number of  f ish will  have to be handled to get a sufficient number

of marked fish. Visual marks should be adequate for experiments which are

rout ine ly  done  to  est imate  sampl ing  e f f i c ienc ies  at  part i cu lar  dams.  In

such experiments, known numbers of marked fish are released within a few

kilometers upstream of the dam and recaptured at the dam. Large numbers of

fish are not required and replicates can be obtained by using unique marks.

More extended studies, which might involve recapture at a number of

dams over a longer period of  t ime, should take advantage of  remote sensing

techniques such as PIT tags. These techniques do not require the removal

of f ish from the bypass systems. Although PIT tags are expensive and

require  spec ia l ized  monitor ing  equipment ,  the  potent ia l  ga ins  in

information which could accompany widespread application of  this technology

warrant a substantial investment in their development and use. In time,

the  uni t  cost  per  appl i cat ion  should  dec l ine  and  the  e f f i c iency  o f  the

technology should improve.

Other technologies such as hydroacoustics and radio tagging have their

place in the smolt monitoring program, and e f for ts  to  improve  these

techniques should continue. Radio  tags  are  espec ia l ly  use fu l  in  prov id ing

deta i led  in format ion  about  the  movements  and  fates  o f  ind iv idual  f i sh .

Hydroacoustics seems to be most productive when one is interested in the

mass movements of large numbers of fish. Researchers should use these

technolog ies  in  s i tuat ions  to  which  they  are  best  adapted ,  such  as  in  the

invest igat ion  o f  how the  t iming  o f  sp i l l s  at  indiv idual  dam s i tes  a f fec ts

survival .

Steo 3 :  Stat is t i ca l  Methods

Statistical methods were discussed above, so only a few points need to

be  re i terated  here .  The application of  advanced monitoring equipment

combined with the completion of bypass facil ities systems at most major
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dams in coming years should produce a wealth of  monitoring data.

Researchers can draw strong inferences from these data by applying powerful

s tat is t i ca l  techniques  such  as  the  re lease -recapture  protoco ls  proposed  by

Burnham  e t  a l . , and should pursue their use.  The  s tochast i c  reservo ir

passage model discussed in Chapter 4 provides a novel way of  looking at

reservo ir  passage  and invest igators  should  ut i l i ze  th is  model  as  wel l .  To

permit  in format ive  s tat is t i ca l  analyses ,  data  must  be  co l lec ted  within

str i c t  formal  guide l ines  set  for th  by  sound exper imental  des igns .

Statisticians have been and must continue to be involved in the research

planning from the beginning.

Step 4: The Role of Models

The problem of assessing survival of  migrating smolts is much more

complex than previously imagined. This complexity has frustrated many

e f f o r t s  t o  i n v e s t i g a t e  s u r v i v a l , s ince  researchers  have  e i ther  fa i led  to

apprec iate  the  ret i cu lar  nature  o f  the  prob lem or  s imply  were  unable  to

d e a l  w i t h  i t  e f f e c t i v e l y .  As discussed above,  poor understanding of  error

structure and questionable assumptions which lead to faulty experimental

designs have been especially troublesome. Years  o f  exper ience  in  the

Columbia  River  Bas in  have  g iven  sc ient is ts  in  the  reg ion  a  c learer  p ic ture

of the research problem, but they remain stymied in resolving several major

issues .

One would l ike to be able to try a wide variety of  experiments within

the Columbia River Basin to estimate smolt abundance and survival,  and then

stay  with  those  exper imental  des igns  that  appear  to  be  most  e f fec t ive .

However, such an approach consumes time, costs a lot of  money, wastes

resources , and provides no guarantee of  success.  The  h is tory  o f  smolt

monitoring in the Columbia proves this.

An a l ternat ive  to  repeated , real-world experiments is to experiment

with a model of  the system as part of  the design phase to develop a

monitoring and research strategy. To date, no one has taken this tack on a

systemwide scale in the Columbia. Two separate simulation models of

downstream passage in the Columbia River Basin have been developed--the

FISHPASS  model developed by the Corps of Engineers (Tanovan 1985) and the
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System Planning Model developed by the Northwest Power Planning Council

(Webb et al .  1986). (The System Planning Model actually simulates the

entire salmon life cycle,  but has a downstream passage component within

i t . ) Both of  these models were developed primarily for evaluating the

re lat ive  impacts  on  f i sh  surv ival  o f  a l ternat ive  management  act ions ,

inc luding  a l tered  f low and sp i l l  reg imes  and transportat ion  o f  juveni les .

Although the models perhaps could be extended to incorporate uncertainty,

their existing structure and deterministic nature currently makes them

unsuitable as a research planning tool within the framework envisioned

here.

In  order  for  a  model  to  be  use fu l  in  the  present  context ,  i t

expl i c i t ly  must  incorporate  s tochast i c  features  and inc lude  a

representat ion  o f  the  sampl ing  process . The role of  this model would be to

test  the  e f fec t iveness  o f  proposed  monitor ing  schemes  and surv iva l

experiments, in terms of accuracy and precision of parameter estimates that

might be expected under varying conditions. These conditions would be

def ined  such  that  they  mimic  rea l -wor ld  constra ints  and uncerta int ies .

The premise for proposing the development of  a comprehensive sampling

model is that the Columbia System is too complex, with too many variables

and interactions among components, t o  a l l o w  f o r  a n  a n a l y t i c a l  s o l u t i o n  t o

q u e s t i o n s  o f  s a m p l e  s i z e ,  r e p l i c a t i o n , and d is tr ibut ion  o f  sampl ing  e f for t .

One can make simplifying assumptions for given experimental approaches and

estimate survival and mortality parameters, but experience suggests that

such estimates can be quite misleading. I t  may  be  poss ib le  to  tes t  how

such est imates  wi l l  ho ld  up  in  the  rea l  wor ld , and to  ga in  an  ins ight  into

the ir  robustness ,  by  us ing  s imulat ion  to  set  up  and test  var ious  scenar ios .

To some extent, the RELEASE program described earlier can accommodate this

type  o f  sens i t iv i ty  analys is  for  re lease -recapture  exper iments . However,

a l though th is  may be  suf f i c ient  for  s ing le  exper iments ,  i t  does  not  prov ide

t h e  f l e x i b i l i t y  a n d  m u s c l e  n e c e s s a r y  t o  d o  a  f u l l - s c a l e ,  i n t e g r a t e d

a n a l y s i s  o f  a l l  m i g r a t i o n  r o u t e s .

A comprehensive simulation model would allow one to bring into the

analys is  many o f  the  confounding  problems in  the  rea l  wor ld  (e .g . ,

d i f f e r e n t i a l  s u r v i v a l , the  in f lux  o f  non- targeted  populat ions ,  f luctuat ions
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i n  f l o w s  a n d  s p i l l s ,  t r a n s p o r t a t i o n ,  e t c . ) .  It  would incorporate many of

the system complexities that simpler statistical models assume away. The

goal  o f  the  model ing  exerc ise  would  be  to  determine  i f  i t  i s  poss ib le  to

design a real-world experiment, with real-world environmental and

management confounding factors, to  tes t  the  hypotheses  o f  interest .  I f  t h e

modeling could help demonstrate that one mitigation approach is more robust

than another of  comparable or greater cost, the modeling exercise would be

t ime and e f for t  wel l  spent .

The knowledge exists to build a model which has the desired features.

Existing passage models such as FISHPASS  provide the basic conceptual

structure  o f  the  system.  In  order  to  su i tab ly  modi fy  FISHPASS  i t  would  be

necessary  to :

(1) incorporate random number generators than can generate parameter

values  f rom a  number  o f  a l ternat ive  d is tr ibut ions ,  thus  adding  a

more  rea l is t i c  uncerta inty  to  the  s imulated  system;

(2 )  add  a  representat ion  o f  the  a l ternat ive  sampl ing  processes  that  are

possible at each dam;

(3 )  inc lude  a l ternat ive  re lease  s i tes  for  re lease -recapture  exper iments ;

and

(4) modify the reservoir passage component of  the model such that it

more  accurate ly  captures  the  s tochast i c  nature  o f  reservo ir  passage .

It may be better to start anew in building such a model,  since changing the

source  code  o f  FISHPASS  to  inc lude  these  modi f i cat ions  would  be  a  labor ious

task. Such a model-building effort would use the FISHPASS  algorithms as a

bluepr int .  The new model would retain those features of  FISHPASS  which

address the objectives of  the newer model and omit those features that are

superfluous.

One of  the often-encountered problems of  complex models is  that they

are  d i f f i cu l t  to  modi fy  once  they  have  been  bui l t .  Steps should be taken

to ensure that this does not occur in the model proposed here.  I t  i s
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important  to  be  ab le  to  modi fy  the  model  to  re f lec t  changing  condi t ions  in

the real system, such as the completion of  bypass systems, and to be able

to update the model as understanding of  the system improves. Programming

techniques such as modular programming can facilitate such modifications.

CONCLUSIONS

Monitoring of  the outmigration and evaluation of  mitigation

strateg ies  wi l l  cont inue  to  be  a  major  concern  o f  f i shery  managers  and

researchers in the Columbia River Basin for some time. In  th is  chapter ,  we

have discussed some of the problems encountered in smolt monitoring and

introduced  some o f  the  potent ia l  technolog ica l  and  s tat is t i ca l  advances

which may alleviate some of these problems. We believe that some of  these

problems can be resolved. However, the ir  reso lut ion  wi l l  require  a  sound

research design, a commitment on the part of fisheries managers and funding

agenc ies , innovat ion  and d isc ip l ine  on  the  part  o f  researchers ,  and

cooperat ion  a l l  around.
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GLOSSARY

adaptive management - an approach to reducing uncertainty by using
management actions as experiments which provide information about the
system. Such information is then used for more efficient management.

adul t  - for  sa lmonids , a  f i sh  that  i s  sexual ly  mature .

a lev in  - a  newly-hatched  sa lmon or  t rout  pr ior  to  absorpt ion  o f  the  yo lk
sac .

anadromous - f ish which spawn in fresh water but spend a significant
p o r t i o n  o f  t h e i r  l i f e  i n  t h e  o c e a n .

Beverton-Holt curve - a spawner-recruit relationship characterized by a
curve depicting the number of recruits increasing to an asymptotic
limit as the number of spawners increase.

brood  year  - the  year  in  which  a  f i sh  beg ins  l i fe .

cohort  - f i sh  o f f spr ing  o f  the  same brood  year .

escapement - the number of adults which survive to reach the spawning
grounds.

fallback  - a situation in which fish which have ascended a dam are swept
back downstream of the dam.

fecundity - usually refers to the number of  eggs produced per female.

f inger l ing  - a  young or  smal l  f i sh , larger and more developed than a fry.

f i shery  - the  complex  o f  interact ions  among a  f i sh  populat ion(s ) ,  the
people which exploit them, and the environment.

f ry  - young, recent ly  hatched  f i sh  genera l ly  capable  o f  f eed ing  only  on
microorganisms.

heuristic model - a model which serves primarily as an experimental device
for exploring modeling techniques.

hierarchy - an arrangement of  objects into a graded series based on the
relationships among the objects themselves.

jack - a  precoc ious  male  sa lmon or s tee lhead  trout ,  genes-ally  f i sh  that
have matured at least one year earlier than most members of the same
cohort .

j u v e n i l e  - fish that are not sexually mature.

juveni le  product ion  ~ genera l ly  used  in  th is  text  to  re fer  to  the
production of smolts.

l i f e  s t a n z a  - a  d i s t i n c t  p e r i o d  i n  t h e  salmonid  l i f e  c y c l e .
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module - a simulation model which can operate independently or in tandem
with other modules.

outp lant ing  - p lac ing  f ry  or  f inger l ing  into  areas  for  rear ing  to
supplement or replace natural reproduction.

parr - juvenile anadromous salmonids which normally reside for a year or
more in fresh water and are not capable of  tolerating saline water.
May re fer  to  s tee lhead  trout ,  coho,  sockeye ,  or  ch inook sa lmon.

p r e - s m o l t  - s i m i l a r  t o  Parr.

recruit - f ish which are newly joined with a population under
cons iderat ion .

recruitment - the addition of  new members to the aggregate population under
cons iderat ion .

redd - the spawning nest of  salmonids; usually a scooped depression in
clean gravel in which eggs are deposited and buried.

reso lut ion  - the  ab i l i ty  to  d is t inguish  between two  separate  ob jec ts .

Ricker curve - a spawner-recruit relationship characterized by a dome
shaped curve.

run s ize  - as  de f ined  by  the  Counc i l , the  tota l  number  o f  f i sh  returning  to
the mouth of the Columbia plus ocean harvest.

run year - the year in which a fish returns to spawn as an adult.

s c o p e  - the relative temporal and spatial  extent of  the system under
cons iderat ion .

seeding  rate  - an  index  used  to  re f lec t  the  number  o f  f ry  (or  potent ia l
fry which can be produced by the available spawners) present in a
stream relative to the maximum number which can be supported by the
avai lab le  habi tat .

shaker  - a  f i sh  which  i s  smal ler  than the  legal  s ize  l imit  for  harvest  but
which  i s  suscept ib le  to  the  angl ing  gear . .

smolt  - a  juveni le  salmonid  which  i s  phys io log ica l ly  prepared  to  outmigrate
from fresh to saline waters.

smoltif ication - the physiological process which prepares an anadromous
f i s h  f o r  l i f e  i n  s a l i n e  w a t e r s .

spawner-recrui t  curve  - the relationship between some measure of biomass
present in spawning adults and the biomass of  recruits derived from
the spawning adults.

s tock  - a  populat ion  o f  f i sh  which  remain  genet i ca l ly ,  spat ia l ly ,  or
behaviorally separated from other populations and which shares a
common life history among its members.
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systems analysis - a body of  theory and techniques used to understand
complex systems, usually involving advanced mathematical and
statistical techniques and the use of  computers.

water budget - a program to provide addition instream flows during the
per iod  o f  peak  outmigrat ion  to  increase  the  t rave l  rate  o f  migrat ing
smolts.
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PREFACE TO PART II

This part concerns the development of  methods for analyzing the cost and

long- term f i sh  product ion  impl i cat ions  o f  a l ternat ive  management  s trateg ies

for enhancing the anadromous fisheries in the Columbia River Basin. The

methods presented in this part are designed to address both the general

requirements of  and the individual tasks specified in the agreement between

the Bonneville Power Administration (BPA) and Resources for the Future (RFF)

that pertain to the development of  a systems model which would allow

s i m u l a t i n g  t h e  f i s h  p r o d u c t i o n  e f f e c t s  o f  a l t e r n a t i v e  p r o t e c t i o n ,  m i t i g a t i o n ,

or  enhancement  s trateg ies  for  the  purpose  o f  compar ing  the  cost -e f fec t iveness

o f  s u c h  a l t e r n a t i v e s .  Such strateg ies  inc lude ,  among others ,  l ong- term

changes in the amounts and locations of  water diversions and long-term

changes  in  the  instream  f low reg ime.

The methods presented in this part also are designed to support the

requirements of the Pacific Northwest Electric Power Planning and

Conservat ion  Act  o f  1980  (Act )  that  perta in  to  the  adopt ion  o f  cos t -e f fec t ive

f i sh  mit igat ion  measures  for  achiev ing  each  sound b io log ica l  ob ject ive

ultimately to be specified by the Northwest Power Planning Council  (Council) .

The  d irect  language  o f  that  Act  s t ipulates  that  where  there  are  severa l

equal ly  e f fec t ive  means  o f  achiev ing  the  same sound b io log ica l  ob jec t ive ,  the

alternative with the minimum economic cost must be employed. Thus, when two

or  more  measures  can  achieve  the  same mit igat ion  funct ion ,  cost -e f fec t iveness

analys is  can  be  used  to  ident i fy  the  pre ferred  opt ion .  Moreover, where the

b i o l o g i c a l  o b j e c t i v e  i s  s p e c i f i e d  i n  t e r m s  o f  a d u l t  f i s h  p r o d u c t i o n ,  s u c h  a s

the total number of  adult f ish that are harvested in the ocean and that

escape the ocean and return to the Columbia River either to be harvested or

to  spawn,  the  cost -e f fec t iveness  analys is  must  embrace  a  long- term,  system-

wide approach. The  reason  for  th is  i s  that  adul t  f i sh  product ion  requires

a n a l y s i s  o f  t h e  e n t i r e  f i s h  l i f e - c y c l e  a n d  t h i s  t a k e s  p l a c e  o v e r  t h e  w h o l e

system.
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There  i s  nothing  in  the  d irect  language  o f  the  Act  that  express ly

prohibits the use of  more conventional methods of  economic analysis,  such as

c o s t - b e n e f i t  a n a l y s i s , in analyzing and comparing alternative management

s t r a t e g i e s .  This probably was intentional rather than an oversight,

e s p e c i a l l y  i f  t h e  d r a f t e r s  o f  t h e  l e g i s l a t i o n  v i e w e d  e c o n o m i c  a n a l y s i s  i n  t h e

context of  mitigation in the Columbia River Basin more properly as an

evaluat ion  too l  rather  than as  a  dec is ion  ru le .  Economic  e f f i c iency  i s

important  but  i t  i s  not  the  only  cons iderat ion  in  dec is ions  on  f i sh

mitigation in the Columbia River Basin. Severa l  o ther  cons iderat ions  a lso

bear  on  these  dec is ions , such  as  the  d is tr ibut ion  o f  the  costs  and  benef i ts

o f  mit igat ion  and the  wel fare  o f  those  who  l ive  in  the  Pac i f i c  Northwest .

Nonetheless, economic  e f f i c iency  should  not  be  exc luded  ent i re ly .  Estimates

o f  benef i ts  and  compar isons  o f  costs  and  benef i ts  can  be  he lp fu l  in  dec is ions

on mitigation and should be included along with other measures of  the effects

of proposed management strategies in the information upon which decisions are

based.

The methods presented in this part are designed to support two kinds of

c o s t - e f f e c t i v e n e s s  a n a l y s e s .  Each  k ind  o f  analys is  requires  a  d i f ferent

method or approach. T h e  f i r s t  k i n d  o f  c o s t - e f f e c t i v e n e s s  a n a l y s i s  i s  a n

assessment and comparison of  the cost and fish production implications of  a

p r e s p e c i f i e d  s e t  o f  a l t e r n a t i v e  m i t i g a t i o n  s t r a t e g i e s .  The appropriate

method  to  use  for  th is  k ind  o f  analys is  i s  s imulat ion .  An economic-ecologic

s imulat ion  model  des igned  to  evaluate  a l ternat ive  mit igat ion  s trateg ies  in

the Columbia River Basin is outlined in chapter 2.  The second kind of  cost-

e f f e c t i v e n e s s  a n a l y s i s  i n v o l v e s  t h e  d e s i g n  o f  m i t i g a t i o n  s t r a t e g i e s  b y

systematically choosing from a menu of mitigation measures. The appropriate

method to  use  for  th is  k ind  o f  analys is  i s  mathemat ica l  programming.  A

mixed- integer  l inear  programming model  des igned  to  ident i fy  cost -e f fec t ive

mit igat ion  s trateg ies  for  the  Columbia  i s  out l ined  in  chapter  3 .  Methods for

est imat ing  the  benef i ts  o f  mit igat ion  are  not  presented  in  th is  part  because

the development of  such methods l ies beyond the scope of  the research

specified in the agreement between BPA and RFF.
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A system-wide approach was taken to the development of cost-

effectiveness models at this stage in planning the research even though gaps

in  data  avai lab i l i ty  and in  understanding  o f  key  interre lat ionships  current ly

e x i s t . There are several reasons for contemplating a system-wide model at

this  s tage :

0 to  ident i fy  the  pr inc ipa l  components  o f  the  overa l l  model ,  gu ide  the

design of  those components, and identify the l inkages among

components;

0 to  ensure  cons is tency  in  the  temporal  and  spat ia l  reso lut ions  o f

data and information both within the individual components of  the

overall model and in the linkages among components;

0 t o  h e l p  i d e n t i f y  s o u r c e s  o f  u n c e r t a i n t y ,  g a p s  i n  d a t a  a v a i l a b i l i t y ,

and gaps in current knowledge needed to undertake a system-wide,

c o s t - e f f e c t i v e n e s s  a n a l y s i s ;  a n d

0 to  he lp  ident i fy ,  organize ,  and  rank research  needs .

Experience with the design, development, and  appl i cat ion  o f  large  sca le

environmental  models  invo lv ing  mult ip le  d isc ip l ines  teaches  a  lesson .  The

indiv idual  components  o f  large  sca le  models  cannot  be  expected  to  f i t

together  unless  they  are  des igned  f rom the  outset  to  be  integrated .  The

discuss ion  in  th is  part  takes  th is  po int  as  a  keystone .

D e c i s i o n s  o n  f i s h  p r o t e c t i o n ,  m i t i g a t i o n , and enhancement in the

Columbia River Basin will  be made with or without the availability of  models

to  assess  the  cost -e f fec t iveness  o f  a l ternat ive  management  s trateg ies .

Al though they  are  not  a  subst i tute  for  a l l  the  in format ion  that  wi l l  be

needed  for  such  dec is ions ,  models  can  be  use fu l .  I f  they  are  used  proper ly

and if  they are systematically improved as more data and more knowledge of

key  interre lat ionships  become avai lab le , they  can improve  s igni f i cant ly  the

q u a l i t y  o f  t h e  i n f o r m a t i o n  a v a i l a b l e  f o r  d e c i s i o n s .  The methods outlined in

this part represent the beginning of a process which aims to improve the

qual i ty  o f  in format ion  avai lab le  to  dec is ion  makers  in  the  Pac i f i c  Northwest
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on the economic and fish production implications of  alternative management

strategies for the Columbia River Basin.
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Chapter 1

Economic Analyses of  Fish Mitigation Strategies

INTRODUCTION

This part is a report on methods for analyzing the cost and long-term

f ish  product ion  impl i cat ions  o f  a l ternat ive  management  s trateg ies  for

improving the anadromous fisheries in the Columbia River Basin and for

i d e n t i f y i n g  c o s t - e f f e c t i v e  a l t e r n a t i v e  m e a n s  f o r  a c h i e v i n g  b i o l o g i c a l

objectives ultimately to be specified by the Northwest Power Planning Council

(Counci l ) .

The methods presented in this part are designed to support two kinds of

c o s t - e f f e c t i v e n e s s  a n a l y s e s . The  f i rs t  k ind  o f  analys is  i s  an  assessment  and

compar ison  o f  the  cost  and  f i sh  product ion  impl i cat ions  o f  a  prespec i f ied  set

o f  a l t e r n a t i v e  m i t i g a t i o n  s t r a t e g i e s . The appropriate method to use for this

kind  o f  analys is  i s  s imulat ion . The  second k ind  o f  analys is  invo lves  the

des ign  o f  cost -e f fec t ive  f i sh  mit igat ion  s trateg ies  by  means  o f  a  systemat ic

search procedure. The  appropr iate  method  to  use  for  th is  k ind  o f  analys is  i s

mathematical programming. Comparisons  o f  the  costs  o f  a l ternat ive  mit igat ion

strateg ies  that  achieve  the  same leve l  o f  f i sh  product ion ,  analyses  o f  the

tradeof f s  between leve ls  o f  f i sh  product ion  and  the  costs  o f  mit igat ion ,  and

i d e n t i f i c a t i o n  o f  c o s t - e f f e c t i v e  f i s h  m i t i g a t i o n  s t r a t e g i e s  a r e  r e f e r r e d  t o

c o l l e c t i v e l y  a s  c o s t - e f f e c t i v e n e s s  a n a l y s e s .

The methods presented in this part are designed to address a different

set of  issues and problems than those presented in Part I ,  although the

methods, issues, and  prob lems are  c lose ly  re lated . The methods in Part I

at tempt  to  quant i fy  the  f i sh  product ion  impl i cat ions  o f  part i cu lar  mit igat ion

measures and system-wide mitigation alternatives. The methods in this part

at tempt  to  quant i fy  both  the  f i sh  product ion  impl i cat ions  o f  mit igat ion
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al ternat ives  and  the  costs  o f  those  a l ternat ives .  Thus, the methods in Part

I  a r e  c o n c e r n e d  p r i n c i p a l l y  w i t h  b i o l o g i c a l  a n d  p r o b a b i l i s t i c  a s p e c t s  o f

e s t i m a t i n g  l e v e l s  o f  f i s h  p r o d u c t i o n .  This type of  information and modeling

i s  e s s e n t i a l  f o r  a s s e s s i n g  t h e  e f f e c t i v e n e s s  o f  p a r t i c u l a r  m i t i g a t i o n

s t r a t e g i e s  i n  a c h i e v i n g  s t a t e d  b i o l o g i c a l  o b j e c t i v e s .  Part  I I  bui lds  on  th is

foundat ion  and i s  concerned  pr imari ly  wi th  est imat ing  the  costs  o f  those

strateg ies  and  with  explor ing  t radeo f f s  between leve ls  o f  f i sh  product ion  and

t h e  c o s t s  o f  m i t i g a t i o n .  The  f i sh  l i f e - cyc le  s imulat ion  model (s )  required

for  the  cost -e f fec t iveness  analyses  descr ibed  in  th is  part  wi l l  be  deve loped

as  part  o f  the  research  proposed  in  Part  I .

This  chapter  i s  organized  in  s ix  pr inc ipal  sect ions .  T h e  f i r s t  s e c t i o n

defines some terms used in the chapter.  The second section presents the

d i f f e r e n t  t y p e s  o f  c o s t - e f f e c t i v e n e s s  a n a l y s e s  a n d  a s s e s s e s  t h e i r

a p p l i c a b i l i t y  t o  t h e  a n a l y s i s  o f  f i s h  m i t i g a t i o n  i n  t h e  c o n t e x t  o f  t h e

Columbia River salmon and steelhead fisheries.  The  th ird  sect ion  descr ibes

the conditions that were assumed for the design and development of  methods of

c o s t - e f f e c t i v e n e s s  a n a l y s i s  p r e s e n t e d  i n  t h i s  p a r t .  These  condi t ions  inc lude

t h e  b i o l o g i c a l  o b j e c t i v e s  f o r  t h e  f i s h e r i e s  t o  b e  e s t a b l i s h e d  b y  t h e  C o u n c i l ,

the  economic  cr i ter ion  used  to  compare  mit igat ion  a l ternat ives ,  the  types  o f

costs  inc luded  in  the  cost -e f fec t iveness  analyses ,  and  the  nature  o f  the

po l i cy  constra ints  imposed  on  the  analyses .  The  fourth  sect ion  descr ibes

three  prob lem types  l ike ly  to  be  encountered  in  assess ing  the  cost-

e f f e c t i v e n e s s  o f  a l t e r n a t i v e  m i t i g a t i o n  s t r a t e g i e s .  T h e  f i f t h  s e c t i o n

br ie f ly  presents  the  two  cost -e f fec t iveness  models  proposed  for  deve lopment .

The  last  sect ion  presents  an  overv iew o f  the  remaining  chapters  in  th is  part

o f  the  Phase  I I  report .

The methods outlined in this part of  the report are intended to be used

to  improve  the  qual i ty  o f  in format ion  avai lab le  to  dec is ion  makers  in  the

Pac i f i c  Northwest  on  the  economic  and f i sh  product ion  impl i cat ions  o f

a l ternat ive  mit igat ion  s trateg ies  for  the  Columbia  River  Bas in .  A few words

on the scope of  the economics portion of  the research may help place these

methods in perspective.
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F i r s t , t h i s  i s  a  r e p o r t  o n  t h e  d e s i g n  o f  s t u d i e s  f o r  f i s h  m i t i g a t i o n

po l i cy  and  not  a  report  on  a  fu l ly  deve loped  set  o f  methodo log ies .  A l though

considerable investigation was necessary in order to develop a comprehensive,

system-wide  analyt i ca l  f ramework  for  cost -e f fec t iveness  analyses  o f

mit igat ion  s trateg ies  for  the  Columbia , the methods presented in this part

are  not  fu l ly  formulated .  They were developed only to the extent necessary:

(1 )  to  determine  i f  i t  would  be  feas ib le  to  apply  proposed  methods  to  the

analys is  o f  mit igat ion  s trateg ies  in  the  Columbia  River  Bas in ,  and  (2 )  to

determine what would be required by way of data,  simulation models,  computer

so f tware , and computer hardware to fully develop and to apply those methods.

Second, the  methods  out l ined  in  th is  part  o f  the  report  are  des igned  to

a n a l y z e  t h e  c o s t - e f f e c t i v e n e s s  o f  a l t e r n a t i v e  m i t i g a t i o n  s t r a t e g i e s .  They

are  not  des igned  to  es t imate  the  economic  benef i ts  o f  s t rateg ies  or  to

compare  the  costs  and  benef i ts  o f  s t rateg ies .  The development of methods for

est imat ing  the  benef i ts  o f  f i shery  enhancement  l i es  beyond the  scope  o f  the

research specified in the agreement between the Bonneville Power

Administration (BPA) and Resources for the Future (RFF).

Third ,  the  methods  out l ined  in  th is  part  to  analyze  the  cost  and  long-

term f i sh  product ion  impl i cat ions  o f  a l ternat ive  mit igat ion  s trateg ies

perta in  only  to  the  sa lmon and s tee lhead  f i sher ies .  They do not address

other f ish and wildlife concerns in the Columbia River Basin. Because of

t h i s  f o c u s , the  b io log ica l  part  o f  the  analys is  and  some aspects  o f  the

hydrosystem comprise only a portion of  the Columbia River Basin, together

with the ocean fishery: from Grand Coulee Dam on the mainstem  Columbia, Hells

Canyon Dam on the mainstem  Snake, and Dworshak Dam on the Clearwater to the

mouth of the Columbia River at the Pacific Ocean. Upstream areas in the

states of Washington, Oregon, Idaho, Montana, and Wyoming, and in Canada,

with the exceptions of  storage and hydropower generation, are not included in

the analyses.
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DEFINITION OF TERMS

Several  terms used  in  th is  chapter  require  de f in i t ion . Fish  mit igat ion

measures refer to structural and nonstructural means for enhancing fish

production. Examples  o f  s tructural  measures  inc lude  f i sh  hatcher ies ,  by -pass

f a c i l i t i e s  a t  d a m s  f o r  t h e  p a s s a g e  o f  j u v e n i l e  f i s h ,  a n d  t r a n s p o r t a t i o n  o f

juvenile f ish by barge and truck to the estuary below Bonneville Dam.

Examples of  nonstructural measures include additional spills at dams and flow

enhancement of  the Columbia and Snake rivers,  both for the benefit  of  the

anadromous fisheries.

Two other terms that require definition are management alternative and

management strategy. A management alternative is any individual measure used

to enhance fish production. A management strategy is a set of  f ish

mitigation measures used to enhance fish production.

Another  pa ir  o f  terms that  require  de f in i t ion  are  opt imizat ion  and

l e a s t - c o s t  s e t  o f  a l t e r n a t i v e s ,  o r  s t r a t e g y . Opt imizat ion  re fers  to  the

analyt i ca l  process  o f  maximiz ing  or  minimiz ing  an  ob ject ive  such  as

maximiz ing  the  number  o f  to ta l  adul t  f i sh  (or  f i sh  b iomass)  sub ject  to  the

a v a i l a b i l i t y  o f  f u n d s  f o r  m i t i g a t i o n  i n  t h e  b a s i n , or  minimiz ing  the  costs  o f

m i t i g a t i o n  t o  m e e t  a  p a r t i c u l a r  b i o l o g i c a l  o b j e c t i v e  s p e c i f i e d  b y  t h e

Council . A  least - cost  s trategy  re fers  to  that  combinat ion  o f  mit igat ion

measures  that  can  achieve  a  part i cu lar  b io log ica l  ob ject ive  at  the  lowest

p o s s i b l e  c o s t , s u b j e c t  t o  a  s e t  o f  t e c h n i c a l  c o n s t r a i n t s  a n d  a  s e t  o f

a d m i n i s t r a t i v e ,  l e g a l , a n d  p o l i t i c a l  c o n d i t i o n s . For  most  publ i c  po l i cy

a p p l i c a t i o n s , t h e r e  a r e  s e v e r a l  l e a s t - c o s t  s t r a t e g i e s ,  o n e  f o r  e a c h  s e t  o f

a d m i n i s t r a t i v e ,  l e g a l , and  po l i t i ca l  condi t ions  assumed for  the  analys is .

T h u s ,  l e a s t - c o s t  i s  u s e d  t o  d e s c r i b e  s t r a t e g i e s  t h a t  a r e  e f f i c i e n t  w i t h i n

broad  publ i c  po l i cy  ob jec t ives  establ i shed  for  the  reg ion  rather  than

strateg ies  that  are  based  narrowly  on  technica l  feas ib i l i ty  and economic

d e c i s i o n  c r i t e r i a  a l o n e .
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Simulat ion  i s  the  process  o f  s imulat ing ,  or  mimicking ,  the  behavior  o f  a

natural , engineering, or economic system using a mathematical model called a

simulation model. For the methods presented in this part,  simulation is used

synonymously with mathematical procedures for mimicking the behavior of  the

hydrosystem and the anadromous fishery. Optimization is used synonymously

with  mathemat ica l  procedures  for  systemat ica l ly  searching  for  cost -e f fec t ive

management strategies.

COST-EFFECTIVENESS ANALYSES

Cost-effectiveness analyses have been used by engineers,  economists,  and

public administrators for many years to inform decisions on public works

projects and other public programs. They  prov ide  those  respons ib le  for

dec is ions  with  a  quant i tat ive  guide  for  comparing  and ranking  a l ternat ives  in

situations where monetary measures of  output are not available but where

nonmonetary measures of  effectiveness can be established. C o s t - e f f e c t i v e n e s s

analyses are ideally suited to the problem of mitigating hydropower impacts

in the Columbia River Basin. Moreover, they  are  required  by  the  Pac i f i c

Northwest Electric Power Planning and Conservation Act (Northwest Power

Planning Council ,  1987b). The  appropr iate  measure  o f  e f fec t iveness  to  use  in

t h e s e  a n a l y s e s  i s  t h e  b i o l o g i c a l  o b j e c t i v e  o r  o b j e c t i v e s  u l t i m a t e l y  t o  b e

spec i f i ed  by  the  Counc i l  ( see  d iscuss ion  be low) . The  appropr iate  costs  to

use in these analyses are the economic costs of  mitigation measures.

Forms of Cost-Effectiveness Analysis

Cost -e f fec t iveness  analys is  assumes  var ious  forms. The  d i f ferent  forms

need to be distinguished because they have important implications both for

the  cost -e f fec t iveness  analys is  and  for  the  deve lopment  o f  methods . I n  i t s

simplest form, the  analys is  i s  a  compar ison  o f  the  costs  o f  s trateg ies  that

achieve  the  same leve l  o f  “e f fec t iveness” . In  comparing  two  s trateg ies ,  the

strategy  with  the  lower  cost  i s  sa id  to  be  more  cost -e f fec t ive  than the

strategy  with  the  h igher  cost . In  comparing  a  set  o f  a l ternat ive  s trateg ies ,

the  s trategy  with  the  lowest  cost  i s  sa id  to  be  the  most  cost -e f fec t ive .
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S o m e t i m e s  i t  i s  n o t  p o s s i b l e ,  o r  p r a c t i c a l ,  o r  e v e n  d e s i r a b l e  t o

i d e n t i f y  s t r a t e g i e s  t h a t  a c h i e v e  t h e  s a m e  l e v e l  o f  e f f e c t i v e n e s s . There are

s e v e r a l  r e a s o n s  f o r  t h i s , but  three  are  part i cu lar ly  re levant  to  the  analys is

of management strategies for the Columbia River Basin. T h e  f i r s t  r e a s o n  i s

that  the  method  used  to  assess  the  cost  and  e f fec t iveness  o f  part i cu lar

management strategies may not be capable of  ensuring the same level of

e f f e c t i v e n e s s  ( t a r g e t  l e v e l s  o f  a d u l t  f i s h  p r o d u c t i o n  a t  d i f f e r e n t  t i m e s

throughout  the  p lanning  per iod)  across  a l l  the  s trateg ies  to  be  compared .

For example, there may exist some combination of  hatcheries and by-pass

f a c i l i t i e s , on the one hand, and some combination of hatcheries and spills,

on  the  other , capable  o f  achiev ing  the  same leve l  o f  e f fec t iveness  but  the

method used may incorporate no systematic search procedure for identifying

them. This  i s  a  problem o f  analys is . Lack of such a procedure is a weakness

o f  s imulat ion  and i ts  presence  i s  a  part i cu lar  s trength  o f  mathemat ica l

programming. (The systematic search procedure in mathematical programming

used to identify alternative management strategies that achieve the same

leve l  o f  e f fec t iveness  i s  not  the  same systemat ic  search  procedure  used  to

identify the combination of  mitigation measures that achieve the same level

o f  e f f e c t i v e n e s s  a t  t h e  l o w e s t  p o s s i b l e  c o s t . They  are  d i f ferent  procedures .

In mathematical programming, the  f i rs t  search  procedure  i s  used  to  f ind  an

i n i t i a l  f e a s i b l e  s o l u t i o n . The second search procedure is used to f ind the

opt imal  so lut ion  among a l l  poss ib le  feas ib le  so lut ions . ) The two principal

methods  o f  cost -e f fec t iveness  analys is - - s imulat ion  and mathemat ica l

programming--are discussed in more detail  later on in this chapter and in

cons iderable  deta i l  in  chapters  2  and  3 ,  respect ive ly .

The  second  reason  for  d i f ferences  in  the  leve ls  o f  e f fec t iveness  across

a l l  the  management  s trateg ies  in  the  analys is  perta ins  to  the  case  o f

mult ip le  measures  o f  e f fec t iveness , such as the number of  adult f ish of

d i f f e r e n t  s t o c k s  r a t h e r  t h a n  t h e  t o t a l  o f  a l l  a d u l t  f i s h .  I n  s u c h  c a s e s ,  t h e

management strategies in the analysis may affect the different measures of

e f f e c t i v e n e s s  d i f f e r e n t i a l l y . Some measures of  effectiveness may increase

while other measures decrease, and cons is tency  across  a l l  the  s trateg ies  in

the analysis can be problematic. This  i s  a  technica l  problem o f  j o intness ,
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not  a  prob lem o f  analys is . This  condi t ion  i s  espec ia l ly  t roublesome i f  the

number  o f  measures  o f  e f fec t iveness  in  the  analys is  i s  large . In such cases,

mult ip le  ob ject ive  analys is  can  be  used . Jo intness  i s  a  prob lem for  a l l

environmental  cost -e f fec t iveness  analyses  which  invo lve  eco log ica l  systems

and mult ip le  measures  o f  e f fec t iveness . I t  wi l l  have  to  be  addressed  in

analyz ing  the  cost -e f fec t iveness  o f  a l ternat ive  management  s trateg ies  for  the

Columbia.

T h e  t h i r d  r e a s o n  f o r  d i f f e r e n c e s  i n  t h e  l e v e l s  o f  e f f e c t i v e n e s s  a c r o s s

a l l  t h e  s t r a t e g i e s  c o n s i d e r e d  i n  t h e  a n a l y s i s  i s  i n t e n t i o n a l . In some

s i t u a t i o n s  i t  m a y  b e  d e s i r a b l e  t o  e x p l o r e  c o s t - e f f e c t i v e n e s s  t r a d e o f f s  r a t h e r

than to  assess  the  cost -e f fec t iveness  o f  s trateg ies  that  achieve  the  same

l e v e l  o f  e f f e c t i v e n e s s . For example, the  cost  o f  achiev ing  the  next

increment of returning adult f ish may be relatively modest in which case the

reg ion  act ing  through the  Counci l  may f ind  i t  des irable  to  ra ise  the

b i o l o g i c a l  o b j e c t i v e  ( t a r g e t  l e v e l  o f  a d u l t  f i s h  p r o d u c t i o n ) .  O r  t h e  c o s t  o f

achieving the last increment of  adult f ish may be deemed excessive in which

case  i t  may be  des irable  to  lower  the  target  leve l  o f  re turning  adul t  f i sh .

The  cost -e f fec t iveness  t radeof f  analys is  prov ides  the  in format ion  on  both  the

c o s t s  a n d  t h e  e f f e c t i v e n e s s  o f  m i t i g a t i o n  ( l e v e l  o f  a d u l t  f i s h  p r o d u c t i o n )

that  i s  needed  in  order  to  in form that  dec is ion .

In  s i tuat ions  where  the  leve ls  o f  e f fec t iveness  are  not  the  same across

a l l  the  mit igat ion  s trateg ies  in  the  analys is ,  costs  cannot  be  used  a lone  to

compare and to rank strategies. Rather, the  costs  and  corresponding  leve ls

o f  e f fec t iveness  must  be  compared  as  sets  o f  a t tr ibutes ,  in  mult ip le

dimensions. In  these  s i tuat ions , i t  i s  somet imes  he lp fu l  to  “normal ize”  the

costs  o f  a l ternat ive  s trateg ies  for  purposes  o f  compar ison . Average costs

and marginal costs are examples of  such normalizations.

In  the  case  o f  a  s ing le  measure  o f  e f fec t iveness  and  a  s ing le  measure  o f

c o s t , the comparison of mitigation strategies can be made in two

dimensions--a cost dimension and an effectiveness dimension. In such cases,

i t  i s  o f t e n  i n s t r u c t i v e  t o  p l o t  t h e  c o s t s  a n d  t h e  e f f e c t i v e n e s s  o f  t h e
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di f ferent  mit igat ion  s trateg ies  on  a  graph.  Such a  v isual  a id  i s  he lp fu l  in

s e p a r a t i n g  t h e  m o r e  “ c o s t - e f f e c t i v e ”  s t r a t e g i e s  f r o m  t h e  l e s s  “cost-

e f f e c t i v e ”  s t r a t e g i e s .  I t  i s  a l s o  h e l p f u l  i n  d e c i s i o n s  o n  t h e  l e v e l  o f  t h e

b i o l o g i c a l  o b j e c t i v e  i n  t h o s e  s i t u a t i o n s  w h e r e  t h e  b i o l o g i c a l  o b j e c t i v e  h a s

y e t  t o  b e  e s t a b l i s h e d .  Such an  analys is  i s  re ferred  to  in  th is  part  as  cost-

e f f e c t i v e n e s s  t r a d e o f f  a n a l y s i s .

An example  o f  a  cost -e f fec t iveness  t radeo f f  analys is  f or  the  case  o f  a

s ing le  measure  o f  e f fec t iveness  and  a  s ing le  measure  o f  cost  i s  shown in

F i g u r e  1 . 1  f o r  f i s h  m i t i g a t i o n  i n  a  t y p i c a l  r i v e r  b a s i n .  The measure of cost

i n  t h i s  f i g u r e  i s  t h e  t o t a l  c o s t  o f  a  p a r t i c u l a r  m i t i g a t i o n  s t r a t e g y .  The

measure  o f  e f fec t iveness  i s  the  to ta l  number  o f  adul t  f i sh  that  are  avai lab le

for harvest and for spawning. The  curve  in  th is  f igure  represents  the  set  o f

l e a s t - c o s t  m i t i g a t i o n  s t r a t e g i e s  f o r  a c h i e v i n g  d i f f e r e n t  t a r g e t  l e v e l s  o f

adul t  f i sh  product ion .  The strategies represented by this curve are the most

c o s t - e f f e c t i v e  s t r a t e g i e s  p o s s i b l e  i n  t h e  s e n s e  t h a t  t h e r e  a r e  n o  o t h e r

strateg ies  that  can  meet  the  same target  leve ls  o f  adul t  f i sh  product ion  at

less  cost  ( sub ject  to  the  condi t ions  imposed  on  the  analys is ) .  Also shown in

t h i s  f i g u r e  i s  a  s e t  o f  l e s s  c o s t - e f f e c t i v e  m i t i g a t i o n  s t r a t e g i e s .  These

strategies are represented by the symbol “+‘I a n d  l i e  a b o v e  t h e  c o s t - e f f e c t i v e

curve. F o r  a  p a r t i c u l a r  t a r g e t  l e v e l  o f  a d u l t  f i s h  p r o d u c t i o n ,  t h e s e

strateg ies  cost  more  than those  that  l i e  on  the  cost -e f fec t ive  curve  and thus

t h e y  a r e  l e s s  c o s t - e f f e c t i v e .  The  s lope  o f  the  curve  in  Figure  1 .1  at  any

point  represents  the  marginal  cost  o f  mit igat ion  ( the  cost  o f  the  next

i n c r e m e n t  o f  m i t i g a t i o n )  i n  t h i s  t y p i c a l  r i v e r  b a s i n .

With  mult ip le  measures  o f  e f fec t iveness , t h e  c o s t - e f f e c t i v e n e s s  t r a d e o f f

analysis becomes more complex. This  i s  espec ia l ly  t rue  i f  there  are  many

measures of  effectiveness in the analysis and if  these measures move in

o p p o s i t e  d i r e c t i o n s  a s  t h e  t o t a l  c o s t  o f  m i t i g a t i o n increases  (or  decreases ) .

For example, the  product ion  o f  adul t  f i sh  o f  one  s tock  may increase  whi le  at

the same time the production of  another stock decreases.  To ensure

cons is tency  in  the  measures  o f  e f fec t iveness  in t h e  c o s t - e f f e c t i v e n e s s

analys is , and thus comparability across alternative management strategies,
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Legend

o  M o s t  C o s t - E f f e c t i v e  S t r a t e g y  f o r
Given Target Level of  Adult Fish

+  L e s s  C o s t - E f f e c t i v e  S t r a t e g i e s

+

S e t  o f  C o s t - E f f e c t i v e
Fish  Mit igat ion  Strateg ies

Tota l  Cost
o f  F i s h
Mit igat ion
Strategy

E x i s t i n g  L e v e l  o f
Adult Fish Production

0
0

Total Number of  Adult Fish Available for Harvest and for Spawning

Figure  1 .1 . An Example  o f  a  Cost -Ef fec t iveness  Tradeof f  Analys is  for  F ish
Mit igat ion  in  a  Typica l  River  Bas in
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mathematical programming is often required. One  o f  the  part i cu lar  s trengths

of  mathematica l  programming is  i t s  ab i l i ty  to  ensure  cons is tency  in  the

measure (or measures) of  effectiveness across the management strategies to be

compared, with  the  except ion  o f  the  jo intness  prob lem discussed  above .

I t  i s  l i k e l y  t h a t  m u l t i p l e  m e a s u r e s  o f  e f f e c t i v e n e s s  w i l l  b e  i n v o l v e d  i n

analyses of  management strategies for the Columbia River Basin. These

measures  inc lude  the  number  o f  juveni le  f i sh  o f  part i cu lar  spec ies  produced

in a given subbasin, the  number  o f  juveni le  f i sh  o f  part i cu lar  s tocks  that

safely reach the estuary below Bonneville Dam, the number of  adult f ish of

part i cu lar  spec ies  in  the  ocean, the  number  o f  adul t  f i sh  o f  part i cu lar

species that escape the ocean and enter the lower Columbia River,  the number

of  adul t  f i sh  o f  part i cu lar  spec ies  in  r iver  segments  t raversed  by  more  than

one  s tock  o f  the  same spec ies , and  the  s izes  o f  adul t  f i sh  runs  o f  part i cu lar

stocks  at  part i cular  locat ions  in  the  r iver  system. Because  o f  th is

m u l t i p l i c i t y  o f  p o s s i b l e  m e a s u r e s  o f  e f f e c t i v e n e s s ,  t h e  d i f f e r e n t  f o r m s  o f

cost -e f fec t iveness  analys is  descr ibed  above  wi l l  be  he lp fu l  in  analyz ing  the

cost -e f fec t iveness  o f  part i cu lar  management  s trateg ies .

Types of  Models Used for Cost-Effectiveness Analyses

There are two fundamentally different kinds of  models applicable to the

a n a l y s i s  o f  t h e  c o s t - e f f e c t i v e n e s s  o f  a l t e r n a t i v e  m i t i g a t i o n  s t r a t e g i e s  i n

the context of  the anadromous fisheries in the Columbia River Basin. One

kind of model is a simulation model. (See  the  de f in i t ions  o f  s imulat ion  and

s imulat ion  models  in  the  f i rs t  part  o f  th is  chapter . ) The other kind of

model is a mathematical programming model. A simulation model can be used to

assess the cost and fish production implications of  particular management

s t r a t e g i e s . It  also can be used to search for a set of  management strategies

t h a t  m e e t  t h e  s a m e  l e v e l  o f  e f f e c t i v e n e s s  ( t a r g e t  l e v e l  o f  a d u l t  f i s h

product ion)  or  to  search  for  the  most  cost -e f fec t ive  s trategy ,  a l though

unlike a mathematical programming model it  contains no formal search

procedure and in practice this use of  a simulation model often becomes

impossibly burdensome. More will  be said about this below.
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Simulation Model. When a simulation model is used for the cost-

e f f e c t i v e n e s s  a n a l y s i s , a management strategy called a “scenaria” is

spec i f i ed  complete ly .  In  the  case  o f  the  Columbia ,  the  scenar io  i s  a  set  o f

p r o t e c t i o n ,  m i t i g a t i o n , or enhancement measures. There are no management

d e c i s i o n s  ( c h o i c e  v a r i a b l e s )  i n  t h e  a n a l y s i s .  T h e  a n a l y s i s  i n v o l v e s

s imulat ing  the  e f fec ts  o f  the  scenar io  and  assess ing  the  outputs  o f

i n t e r e s t - - t h e  c o s t  o f  t h e  s t r a t e g y , the number of f ish reaching maturity in

the ocean, and the  number  o f  adul t  f i sh  o f  a  part i cu lar  spec ies  escaping  the

ocean and entering the Columbia River to be harvested or to spawn. A number

of scenarios are developed and analyzed, and  the  outputs  o f  interest  are

compared. The management strategies are ranked according to the criterion

adopted  for  the  analys is , i n  t h i s  c a s e  t h e  c o s t  o f  m e e t i n g  a  t a r g e t  l e v e l  o f

a d u l t  f i s h  o f  a  p a r t i c u l a r  s t o c k  o r  s p e c i e s .  In this approach,

i d e n t i f i c a t i o n  o f  t h e  m o s t  c o s t - e f f e c t i v e  s t r a t e g y  i s  n o t  g u a r a n t e e d ,  a s

noted above, a n d  e x a c t l y  m e e t i n g  a  p a r t i c u l a r  b i o l o g i c a l  o b j e c t i v e  i s

unl ike ly  as  wel l .  I n  f a c t , i d e n t i f i c a t i o n  o f  t h e  l e a s t - c o s t  c o m b i n a t i o n  o f

mit igat ion  measures  for  a  part i cu lar  b io log ica l  ob ject ive  would  be  h ighly

u n l i k e l y .

For  large , complicated problems such as fishery enhancement in the

Columbia, i t  would  be  v i r tual ly  imposs ib le  to  ident i fy  the  most  cost-

ef fect ive  combinat ion  o f  s tructural  and nonstructural  measures  us ing

simulation. The set of  results shown in Figure 1.1 denoted by the symbol “+”

is  typ ica l  o f  the  resul ts  obta ined  f rom s imulat ion  models - -even  in  re lat ive ly

s imple  cases  where  only  one  measure  o f  e f fec t iveness  i s  invo lved .  However,

in  contrast  to  no  model  at  a l l ,  cause  and e f fec t  type  in format ion  as  wel l  as

the  cost  and f i sh  product ion  impl i cat ions  o f  part i cu lar  management  s trateg ies

are  avai lab le  for  p lanning  dec is ions .

Mathematical Programming Model. Mathematical programming is useful in

the design of strategies where the goal is to maximize or minimize a

c r i t e r i o n  f u n c t i o n , such as the cost of  f ishery improvements. A mathematical

programming model can, i f  s u c c e s s f u l l y  d e v e l o p e d ,  b e  u s e d  t o  a s s i s t  i n
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ident i fy ing  s trateg ies  that  achieve  the  same leve l  o f  e f fec t iveness  at  the

lowest  poss ib le  cost ,  f or  the  system as  a  whole  or  for  a  subdiv is ion  o f  i t .

When mathematical programming is used for the analysis,  the particular

management  s trateg ies  to  be  assessed  are  not  spec i f ied  a  pr ior i . Rather,

mathematical programming is used to identify that combination of potentially

avai lab le  f i sh  hatcher ies ,  l eve ls  o f  improvements  in  natural  spawning  and

rear ing  areas , operations of  dams and reservoirs,  improvements in river

f lows , and other  measures  that  can  achieve  the  b io log ica l  ob jec t ive  at  the

l o w e s t  p o s s i b l e  c o s t ,  s u b j e c t  t o  l i m i t s , such as firm power requirements,

c a l l e d  c o n s t r a i n t s . This approach often requires complex programming

techniques which go beyond those needed for simulation.

Comparison of Modeling Approaches. I n  a d d i t i o n  t o  d i f f e r e n c e s  i n  t h e

computational complexity of the mathematical programming and simulation

modeling approaches, there  may a lso  be  d i f ferences  in  the  accuracy  o f  the ir

outputs. Because mathematical programming models tend to grow large in size

(measured by the number of management and state variables and by the number

of constraining relationships) and thus to become unmanageable,  and in some

cases even “unso lvable” , s impl i fy ing  assumptions  are  o f ten  required . These

s impl i fy ing  assumptions  can  a f fec t  the  accuracy  o f  the  resul ts  obta ined  f rom

these models.

Assumptions made to reduce the size of mathematical programming models

are  general ly  not  required  o f  s imulat ion  models . Thus, simulation models are

able  to  prov ide  more  accurate  assessments  o f  the  cost  and  f i sh  product ion

implications of particular management strategies than programming models.

There in  l ies  the  d i lemma for  cost -e f fec t iveness  analyses . Simulation models

are  ab le  to  prov ide  more  accurate  assessments  o f  the  cost  and  f i sh  product ion

impl icat ions  o f  part i cu lar  management  s trateg ies , b u t  t h e y  g e n e r a l l y  f a i l  t o

i d e n t i f y  t h e  l e a s t - c o s t  s t r a t e g y . Mathematical programming models can

ident i fy  the  least - cost  s trategy  ( sub ject  to  the  condi t ions  imposed  on  the

analys is ) ,  but  due  to  the  s impl i fy ing  assumptions  that  are  general ly

required, they  do  not  mimic  rea l i ty  with  the  f ide l i ty  o f  s imulat ion  models .
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Although each approach has desirable features, n e i t h e r  e n t i r e l y  s a t i s f i e s  t h e

needs of  the Columbia River Basin fish mitigation analyses.  This suggests a

combination of  the two approaches.

One  way  to  ut i l i ze  the  s trengths  o f  both  approaches  i s  to  use

mathematical programming as a “screening” d e v i c e  t o  a s s i s t  i n  i d e n t i f y i n g  a

set  o f  technica l ly  and  po l i t i ca l ly  feas ib le  management  s trateg ies  that

achieve  the  same leve l  o f  e f fec t iveness  or  that  have  des i rab le  cost-

e f f e c t i v e n e s s  p r o p e r t i e s ,  o r  b o t h .  This  set  o f  s trateg ies  can  then be

simulated using the more detailed simulation model.  The  lat ter  wi l l  prov ide

more accurate estimates of  the mitigation costs and more accurate estimates

o f  t h e  f i s h  p r o d u c t i o n  i m p l i c a t i o n s  o f  t h e  d i f f e r e n t  m i t i g a t i o n  s t r a t e g i e s .

These more accurate estimates of  costs and of the numbers of  adults available

for harvest and for spawning can then be used to identify the most cost-

e f fec t ive  management  s trategy  ( see  Figure  1 .1 ) .

Mathematical programming models are more diff icult to build than

simulation models because of  the many approximations and adaptions that are

required in order to formulate (and in some cases reformulate) a problem that

can fit  within one of the standard mathematical programming structures (e.g. ,

l inear program, mixed- integer  l inear  program,  nonl inear  program) .  In

addi t ion , there  i s  far  less  exper ience  with  the  use  o f  mathemat ica l

programming models in this type of  application than with the use of

simulation models.  Therefore,  the development of the mathematical

programming model is considered experimental at this stage in the research.

Nonetheless, an attempt should be made to develop a mathematical programming

model that can be used in conjunction with the simulation model.

An economic-ecologic simulation model designed to assess the cost and

f ish  product ion  impl i cat ions  o f  part i cu lar  management  s trateg ies  i s  out l ined

in chapter 2.  A mathematical programming model designed to identify the

least - cost  combinat ion  o f  mit igat ion  measures  for  a  part i cu lar  b io log ica l

o b j e c t i v e  a n d  s e t  o f  a d m i n i s t r a t i v e ,  l e g a l , a n d  p o l i t i c a l  c o n d i t i o n s  i s

descr ibed  in  cons iderable  deta i l  in  chapter  3 .
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Analyz ing  Uncerta int ies  in  Cost -Ef fec t iveness  Analyses

The  d iscuss ion  o f  methods  for  analyz ing  the  cost  and  f i sh  product ion

impl icat ions  o f  a l ternat ive  management  s trateg ies  up  to  th is  po int  in  the

chapter has assumed complete certainty in the analyses. However, such a

discussion would not be complete without mentioning the potential

uncerta int ies  in  the  outputs  o f  the  analyses  and without  descr ib ing

approaches that might be used to analyze the nature and magnitude of  these

u n c e r t a i n t i e s . The Columbia River Basin is too large and the fishery

management strategies are too complex to ignore this. (See  a lso  the

d i s c u s s i o n  o f  u n c e r t a i n t y  i n  P a r t  I . )

For  purposes  o f  the  cost -e f fec t iveness  analyses  descr ibed  in  th is  part ,

uncerta inty  i s  de f ined  as  the  poss ib i l i ty  o f  d i f ferences  between ex  ante

pro jec t ions  and  ex  post  outcomes  (Spof ford ,  Krupnick ,  and  Wood,  1986) .  Of

course , ex  post  outcomes  are  not  avai lab le  at  the  t ime  o f  the  ex  ante

a n a l y s i s . Thus, a  more  pract i ca l  measure  o f  uncerta inty  i s  var iabi l i ty  in

pro ject ions  based  on  analys is . Such var iabi l i ty  can be  caused  by  s tochast ic ,

n a t u r a l  v a r i a t i o n s  ( e . g . , streamflow) that can be described ex ante by known

( o b j e c t i v e )  p r o b a b i l i t y  d i s t r i b u t i o n s , and it  can be caused by factors where

informat ion  on  var iat ions  current ly  does  not  ex is t . Differences between

projections and outcomes also can be caused by factors that are unknown at

the  t ime o f  the  ex  ante  analys is . T h i s  s o u r c e  o f  u n c e r t a i n t y  i s  c a l l e d

“surpr ise” in  the  water  resources  l i terature  and inc ludes  such  events  as

droughts that have never been experienced before and diseases in anadromous

fish populations that are currently unknown.

Much of the uncertainty in ex ante projections is inherent and cannot be

reduced either with more data or with more research. However, some of the

uncerta inty  in  these  pro jec t ions  i s  caused  by  lack  o f  data  or  a  poor

understanding  o f  bas ic  interre lat ionships ,  or  both ,  and  can  be  reduced  with

more data and more research. For purposes of  research planning and data

c o l l e c t i o n , i t  i s  important  to  d is t inguish  between these  two  categor ies  o f
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uncerta inty , and to identify those sources where the uncertainty can be

reduced and those sources where it  cannot.

Uncertainties in projections derive from the compounding of

uncerta int ies  spread  throughout  the  analys is .  There  are  three  pr inc ipal

k inds  o f  uncerta inty - -model  s tructure  uncerta inty ,  parameter  va lue

uncerta inty , and input data uncertainty.  Al l  three  k inds  can  a f fec t  ex  ante

p r o j e c t i o n s  o f  f i s h  p r o d u c t i o n ,  e s t i m a t e s  o f  c o s t s , and measures of  the cost-

e f fec t iveness  o f  part i cu lar  management  s trateg ies .

There are two basic approaches to analyzing uncertainty.  T h e  f i r s t  i s

e r r o r  a n a l y s i s .  This is the more formal of  the two approaches and requires

mathemat ica l  funct ions  with  cont inuous  f i rs t  and second der ivat ives .  The

second approach is Monte Carlo simulation. This approach is not as formal as

error  analys is  and requires  ne i ther  cont inuous  funct ions  nor  der ivat ives  o f

those  funct ions .  Monte  Car lo  s imulat ion  i s  the  only  pract i ca l  approach  to

use  to  analyze  the  uncerta int ies  in  pro jec t ions  o f  f i sh  product ion ,  es t imates

o f  m i t i g a t i o n  c o s t s , and  measures  o f  the  cost -e f fec t iveness  o f  mit igat ion

s t r a t e g i e s .

Because  o f  the  impl i cat ions  o f  uncerta int ies  in  model  pro jec t ions  for

b e i n g  a b l e  t o  i d e n t i f y  c o s t - e f f e c t i v e  m i t i g a t i o n  s t r a t e g i e s  f o r  t h e  C o l u m b i a

River Basin, the uncertainties in model outputs should be analyzed. Such an

analysis can be made by placing the economic-ecologic simulation model

outlined in chapter 2 within a Monte Carlo simulation framework. This  use  o f

the simulation model should be considered in developing the model.  The

mathematical programming model described in chapter 3 also could be placed

within such a simulation framework, but  th is  has  not  been  done  be fore  for  a

prob lem the  s ize  o f  the  Columbia ,  or  even  one  o f  i t s  subbas ins ,  and  there fore

it  should be considered experimental.

T h e  c a p a b i l i t y  t o  a n a l y z e  l e v e l s  o f  u n c e r t a i n t y  i n  p r o j e c t i o n s  o f  f i s h

product ion , est imates  o f  mit igat ion  costs ,  and  measures  o f  the  cost-

effectiveness of  management strategies should be developed. However, the
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models  required  for  th is  analys is  should  be  deve loped  in  a  log ica l  sequence ,

beg inning  with  determinist i c  vers ions  o f  models  and progress ing  to  s tochast i c

(Monte Carlo)  versions of  models.  The development of  the economic-ecologic

s imulat ion  model  out l ined  in  chapter  2  should  beg in  f i rs t .  The development

of the mixed-integer programming model outlined in chapter 3 should proceed

as soon as possible thereafter based on the information and data gathered for

the development of  the simulation model.  After development of  the economic-

ecologic simulation model is well  underway, cons iderat ion  should  be  g iven  to

placing this model within a Monte Carlo simulation framework. The decision

to place the mixed-integer l inear programming model within a Monte Carlo

simulation framework should be made after experience has been gained with the

development and use of  the economic-ecologic simulation model.

CONDITIONS ASSUMED FOR THE COST-EFFECTIVENESS ANALYSES

This  sect ion  descr ibes  the  b io log ica l  ob jec t ives  and  other  condi t ions

that were assumed for the design and development of  methods of  cost-

e f fec t iveness  analys is  presented  in  th is  part .  T h e  b i o l o g i c a l  o b j e c t i v e s

establ i shed  for  the  anadromous  f i sher ies , the  economic  cr i ter ion  used  to

compare  f i sh  mit igat ion  a l ternat ives , the  types  o f  costs  inc luded  in  the

c o s t - e f f e c t i v e n e s s  a n a l y s e s , and  the  nature  o f  the  po l i cy  constra ints  imposed

on the analyses all  influence the design and development of  methods.

B i o l o g i c a l  O b j e c t i v e s

The  b io log i ca l  ob jec t ive  adopted  for  purposes  o f  model  des ign  and

deve lopment  i s  adul t  f i sh  product ion , as measured by the number of adult fish

harvested in the ocean and those that return to the Columbia River and are

either harvested or spawn. There  are  o ther  b io log ica l  ob ject ives  that  might

have been adopted for this purpose, but  the  adul t  f i sh  product ion  ob jec t ive

is the most demanding from the perspective of  model design and development.

I t  requires  a  system-wide  approach  and i t  requires  cons iderat ion  o f  the  fu l l

l i f e - cyc le  o f  anadromous  f i sh .  O t h e r  b i o l o g i c a l  o b j e c t i v e s ,  s u c h  a s  t h e

number  o f  juveni le  f i sh  o f  a  part i cu lar  s tock  produced  in  a  part i cu lar
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subbasin and the  number  o f  juveni le  f i sh  o f  a  part i cu lar  s tock  that  arr ive

safely in the estuary below Bonneville Dam, are not as demanding in that they

either do not require a system-wide approach to model design and development

o r  t h e y  r e q u i r e  c o n s i d e r a t i o n  o f  o n l y  a  p o r t i o n  o f  t h e  f i s h  l i f e - c y c l e ,  o r

both. I f  a  model  can  be  des igned  and  deve loped  to  sat i s fy  the  f i rs t

b i o l o g i c a l  o b j e c t i v e , that same model will  satisfy other,  less demanding

b i o l o g i c a l  o b j e c t i v e s .

The relationship between harvest rates in the ocean and harvest rates in

the  r iver  in  any  g iven  year  i s  a  management  goal  in  the  cost -e f fec t iveness

analyses  descr ibed  in  th is  part .  I t  i s  not  an  output  o f  the  analys is .  The

s imulat ion  model  i s  not  des igned  to  explore  economic  t radeo f f s  between leve ls

o f  ocean harvest  and  leve ls  o f  in -r iver  harvest .  The relationship between

these two conflicting management goals must be established exogeneously.

However, it  is  important to recognize that ocean fisheries management bears

important ly  upon the  avai lab i l i ty  o f  f i sh  for  upstream runs .  Although the

models discussed in this part do not incorporate ocean management as an

opt ion  in  the  analys is , the models can accommodate as external information

the types of  economic information that would result from the ocean fishery

studies  proposed  in  Part  I I I .  This information would be needed for a

b io log ica l  ob jec t ive  that  focused  exc lus ive ly  on  the  number  o f  adul t  f i sh

that escape the ocean and return to the Columbia River either to be harvested

or to spawn. ( T h i s  i s  a  s u b t l e  p o i n t , but  i t  i s  an  important  one  i f  the

c o s t - e f f e c t i v e n e s s  a n a l y s i s  i s  t o  b e  d o n e  c o r r e c t l y . )

The relationship between harvest rates in any given year and the number

o f  adul t  f i sh  that  are  permit ted  to  spawn a lso  i s  an  exogenous  input  to  the

s imulat ion  analys is  and not  an  output  o f  the  analys is .  (If  a mathematical

programming model of the anadromous fishery can be developed, the harvest

rates  could  be  an  output  o f  that  model . )  The relationship between the number

harvested and the number allowed to spawn is not determined solely by

b i o l o g i c a l  c o n s i d e r a t i o n s ,  b u t  r a t h e r  b y  t h e  t a r g e t  l e v e l s  e s t a b l i s h e d  f o r

the  ocean and in -r iver  harvests  each  year  o f  the  p lanning  per iod  ( see

discuss ion  be low) , the  leve ls  and t iming  o f  investments  in  mit igat ion
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measures, and the  b io log ica l  re lat ionships  invo lv ing  anadromous  f i sh .

Moreover, this relationship can change from year to year throughout the 20

year planning period,  depending on natural and biological conditions and on

t h e  p a r t i c u l a r  c o s t - e f f e c t i v e n e s s  c r i t e r i o n  a d o p t e d  f o r  t h e  a n a l y s i s .

Thus, the  economic -eco log ic  s imulat ion  model  out l ined  in  chapter  2  i s

des igned  to  meet  target  l eve ls  o f  adul t  f i sh  for  an  exogeneous ly  spec i f i ed

mix  o f  ocean harvest ,  in -r iver  harvest ,  and spawners . This multi-dimensional

management goal may be expressed as fractions of  the total available adults

i n  p a r t i c u l a r  t a r g e t  y e a r s , and  a l ternat ive  sets  o f  goa ls  may be  spec i f i ed .

An i l lustrat ive  example  i s  shown in  the  fo l lowing  tab le .

Al ternat ive
Management

Goals
( I l l u s t r a t i v e )

Fract ion  o f  Tota l  Adults  in  a  Part i cular  Year

Ocean In-River
Harvest Harvest Spawners Tota l

A 0 . 4 0 . 4 0 . 2 1 .0

B 0 . 6 0 . 2 0 . 2 1 .0

C 0 . 2 0 . 6 0 . 2 1 . 0

D 0 . 3 0 . 3 0 . 4 1 . 0

The  b io log ica l  ob jec t ive  de f ined  above  as  the  to ta l  number  o f  adul t  f i sh

that are harvested in the ocean and that return to the Columbia River and are

either harvested or spawn has been refined further for purposes of  model

design and development into stocks which are identified by species,  spawning

l o c a t i o n , and natural  (wi ld )  or  hatchery  product ion . More than 30 stocks and

areas of  emphasis may eventually be identif ied by the Council  for purposes of

planning and management (Northwest Power Planning Council, 1987a and 1987b).

The  b io log ica l  ob jec t ive  a lso  has  been  subdiv ided  for  purposes  o f  model

design and development into a sequence of  t ime periods spanning one year each

s u c h  t h a t  t h e  b i o l o g i c a l  o b j e c t i v e  ( t a r g e t  l e v e l  o f  t o t a l  a d u l t  f i s h ,

d is tr ibuted  among the  three  categor ies  o f  adul ts  descr ibed  above)  can  be

spec i f ied  over  t ime . This  recognizes  that  i t  wi l l  take  a  number  o f  years  for
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stocks  to  achieve  target  leve ls ,  whatever  the  goal .  Moreover ,  there  are

a l ternat ive  t ime paths  o f  recovery  that  can  be  spec i f ied ,  each  with  d i f ferent

implications for the mitigation measures employed and the timing of those

measures, and  thus  with  d i f ferent  impl i cat ions  for  costs .

Examples of  two alternative time paths of  recovery are shown

schematica l ly  in  Figure  1 .2 .  T h e  b i o l o g i c a l  o b j e c t i v e  i n c l u d i n g  t h e

part i cu lar  s tocks  and areas  o f  emphasis  to  be  cons idered ,  the  d is tr ibut ion  o f

ocean and in -r iver  harvests , and the time path of  recovery all  must be

s p e c i f i e d  f o r  t h e  c o s t - e f f e c t i v e n e s s  a n a l y s i s .  These  wi l l  u l t imate ly  resul t

from planning processes currently underway in the region (Northwest Power

Planning Council ,  1987a and 1987b).  In  the  inter im, more  or  less  arb i trary

goals must be specif ied for purposes of  model design and development.

Economic Criterion and Costs

The economic criterion used for model design and development in this

p a r t  i s  c o s t - e f f e c t i v e n e s s .  This has been defined operationally for purposes

of model design and development to include three kinds of  analyses: (1) an

assessment  and  compar ison  o f  the  economic  costs  o f  a  set  o f  a l ternat ive

management  s trateg ies  that  achieve  the  same leve l  o f  e f fec t iveness  ( l eve l  o f

a d u l t  f i s h  p r o d u c t i o n ) ; (2)  an assessment and comparison of  the economic

costs  and  leve ls  o f  adul t  f i sh  product ion  o f  a  set  o f  a l ternat ive  management

s t r a t e g i e s  t h a t  a c h i e v e  d i f f e r e n t  l e v e l s  o f  e f f e c t i v e n e s s ;  a n d  ( 3 )

ident i f i cat ion  o f  the  most  cost -e f fec t ive  management  s trategy  for  achiev ing  a

p a r t i c u l a r  b i o l o g i c a l  o b j e c t i v e , s u b j e c t  t o  a  s e t  o f  a d m i n i s t r a t i v e ,  l e g a l ,

and  po l i t i ca l  cons iderat ions  imposed  on  the  analys is .

Economic  costs  are  de f ined  as  changes  in  to ta l  soc ia l  costs  due  to

implementation of a particular management strategy. I n  p r a c t i c e ,  c o s t s  a r e

measured as changes in the sum of the direct and indirect costs (discussed

be low)  due  to  the  pr imary  (but  not  secondary)  e f fec ts  o f  a  set  o f  protect ion ,

mit igat ion , or enhancement measures. Thus, costs  are  measured  re lat ive  to
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Future Level

T o t a l
Number of
Adult Fish
o f  a  P a r t i c u l a r
Stock

Time After Implementation of  the
F i s h  M i t i g a t i o n  Stratepl,  y e a r s

Figure  1 .2 .  Al ternat ive  Time Paths  o f  Recovery  o f  a  Part i cu lar  Stock  After
Implementat ion  o f  F ish  Mit igat ion  Strategy  ( I l lustrat ive )
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condi t ions  that  are  pro jec ted  to  ex is t  in  the  bas in  throughout  the  20  year

planning period, with and without the fishery management strategy in place.

The  costs  inc luded  in  the  analys is  are  those  that  are  incurred  in  the

U.S. and Canadian portions of  the basin. (For some analyses,  the opportunity

costs  o f  reduct ions  in  the  ocean harvest  a lso  may be  inc luded ,  a l though as

explained above measurement of  those costs are reserved for discussion in

P a r t  I I I . ) Changes in the operations of  the storage projects in the Canadian

port ion  o f  the  bas in  are  assumed to  be  part  o f  the  cost -e f fec t iveness

analys is ,  a l though the  operat ions  o f  these  pro jec ts  could  be  f ixed  at  current

l e v e l s  i f  t h i s  a l t e r n a t i v e  i s  n o t  a  v i a b l e  o n e . In  comparing  the  costs  o f

alternative management strategies, c o s t s  t h a t  o c c u r  a t  d i f f e r e n t  t i m e s  i n  t h e

analysis will  be presented both as a stream over time and as discounted

present  va lues .

A  d is t inct ion  i s  made  in  th is  analys is  between two  types  o f

c o s t s - - e c o n o m i c  c o s t s  a n d  f i n a n c i a l  c o s t s . Economic  costs  are  to ta l  soc ia l

costs to whomever they may accrue. They are calculated as the sum of the

publ i c  and pr ivate  costs . Financ ia l  costs  are  pr ivate  costs  borne  by

p a r t i c u l a r  e c o n o m i c  a c t i v i t i e s . They  are  ca lculated  as  actual  f inanc ia l

o u t l a y s  f o r  c a p i t a l ,  l a b o r ,  a n d  l a n d , net of  subsidies and other income

transfers . Economic  costs  are  used  in  the  cost -e f fec t iveness  analyses

d e s c r i b e d  i n  t h i s  p a r t . Financ ia l  costs  borne  by  part i cu lar  sectors  and

act iv i t ies  in  the  bas in  are  not  eva luated  in  the  proposed  approach ,  a l though

they  could  be  at  a  later  s tage .

Two types  o f  economic  costs  are  cons idered  in  th is  analys is . T h e  f i r s t

type  i s  the  d irect  resource  costs  o f  f i sh  mit igat ion  measures . These include

t h e  c a p i t a l , operating and maintenance, and land costs  o f  f i sh  hatcher ies ,

equipment used to transport juvenile f ish through and around dams, and adult

f i sh  ladders . Direct  resource  costs  are  re lat ive ly  s tra ight forward  to

est imate , assuming that market prices are available and that they can be used

to  est imate  economic  costs . Est imat ion  o f  the  d irect  resource  costs  o f

mitigation measures will  be based on engineering cost estimation and on
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standard principles of  engineering economy (Grant,  Ireson,  Leavenworth,

1982). There fore , there  i s  no  need  to  e laborate  on  them further  in  th is

part .

The  second type  o f  economic  cost  i s  the  indirect  resource  costs  o f

mitigation measures. These  costs , re ferred  to  by  economists  as  “opportuni ty

costs” , are associated with changes in the operation of  the hydrosystem for

the benefit  of  anadromous fish. Two types of  opportunity costs are proposed

to  be  est imated  and  inc luded  in  the  cost -e f fec t iveness  analyses . They

inc lude  the  economic  losses  due  to :

0 reduct ions  in  the  generat ion  o f  hydropower  for  the  benef i t  o f

anadromous fish (in both the U.S. and Canadian portions of  the

bas in) ;  and

0 reductions in withdrawals of  irrigation water through the purchase

o f  water  r ights  for  the  benef i t  o f  anadromous  f i sh . (Measurement of

the  opportuni ty  costs  o f  reduct ions  in  withdrawals  o f  i r r igat ion

w a t e r  i s  d i s c u s s e d  i n  d e t a i l  i n  c h a p t e r  5  o f  t h i s  p a r t . )

A third type of  opportunity cost may be included in some analyses:

0 regulat ion  o f  the  commerc ia l  and  recreat ional  ocean harvests  o f

anadromous  f i sh  ( for  the  benef i t  o f  increas ing  the  in -r iver  harvest

or  for  increas ing  long- term product ion  o f  anadromous  f i sh ,  or  both) .

To  e laborate  a  b i t  on  th is  th ird  type ,  i f  the  leve l  o f  the  commerc ia l

ocean harvest is one of  the management goals (targets)  to be met (see the

discuss ion  above) , i t  i s  not  appropr iate  to  inc lude  the  opportuni ty  cost  o f

reduct ions  in  the  ocean harvest  in  the  cost -e f fec t iveness  analys is . I f ,  o n

the other hand, the  leve l  o f  the  commerc ia l  ocean harvest  i s  not  one  o f  the

management goals (targets) to be met, and if  a reduction in the commercial

ocean harvest  i s  mere ly  another  way  o f  increas ing  long- term leve ls  o f  f i sh

production, then  the  opportuni ty  cost  o f  reduct ions  (as  wel l  as  the  ga ins  due

to  subsequent  increases )  in  the  ocean harvest  should  be  inc luded  in  the  cost-
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e f f e c t i v e n e s s  a n a l y s i s . I n  t h e  l a t t e r  a n a l y s i s , the  opportuni ty  cost  o f

reductions (and the gains due to subsequent increases) in the ocean harvest

is compared with, and  traded  o f f  aga inst , t h e  d i r e c t  a n d  i n d i r e c t  c o s t s  o f

a l l  o ther  mit igat ion  measures  cons idered  in  the  analys is . ( T h i s  i s  a  s u b t l e

po int ,  but  one  that  needs  to  be  taken into  cons iderat ion  in  the  des ign  and

deve lopment  o f  models  i f  the  cost -e f fec t iveness  analys is  i s  to  be  done

p r o p e r l y . )

One  other  type  o f  opportuni ty  cost  ex is ts ,  but  i t  wi l l  not  be  est imated

o r  i n c l u d e d  i n  t h e  c o s t - e f f e c t i v e n e s s  a n a l y s i s . This includes the economic

losses  due  to  changes  in  the  operat ing  ru le  curves  at  the  s torage  reservo irs

in the U.S. and Canadian portions of  the basin that benefit  anadromous fish

at  the  expense  o f  o ther  benef i c ia l  uses  o f  the  reservo ir  such  as  f la t -water

recreat ion  and  f lood  contro l .

Opportuni ty  costs  are  cons iderably  more  d i f f i cu l t  to  est imate  than the

d i r e c t  r e s o u r c e  c o s t s , so  they  are  d iscussed  in  more  deta i l  in  chapter  5 .

Pol i cy  Constra ints

A var iety  o f  constra ints  are  imposed  on  the  cost -e f fec t iveness  analyses .

T h e  d i f f e r e n t  t y p e s  i n c l u d e  t e c h n i c a l ,  l e g a l ,  i n s t i t u t i o n a l ,  p o l i t i c a l ,  a n d

management (administrative) constraints. Some of these constraints can be

changed in the short-run. Others can be modified over the long-run. S t i l l

o thers  cannot  be  changed  at  a l l . The  legal , i n s t i t u t i o n a l ,  p o l i t i c a l ,  a n d

management constraints that are subject to negotiation and thus to change are

r e f e r r e d  t o  c o l l e c t i v e l y  a s  p o l i c y  c o n s t r a i n t s .

T h e  l e g a l  c o n s t r a i n t s  i n c l u d e  c o n t r a c t s  w i t h  e l e c t r i c  u t i l i t i e s  b o t h

within  and outs ide  the  reg ion  for  f i rm hydroe lectr i c  power ;  t reat ies  wi th

Indian tr ibes  in  the  bas in  concerning  f i sh ing  r ights  and i rr igat ion  water

r ights ;  internat ional  t reat ies  with  Canada invo lv ing  the  s torage  and

withdrawal of  water in the Canadian portion of  the basin and contracts for
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t h e  d e l i v e r y  o f  e l e c t r i c i t y ; i rr igat ion  water  r ights ;  and indiv idual  s tate

laws.

Examples of  management (administrative) constraints include the upper

and lower  ru le  curves  at  the  s torage  reservo irs  in  the  bas in ,  and  the

requirement that BPA must provide funds to the states and to f ish and

w i l d l i f e  a g e n c i e s  t o  o p e r a t e  f i s h  h a t c h e r i e s .

The  constra ints  on  the  var ious  cost -e f fec t iveness  analyses  wi l l  need  to

be  ident i f i ed  for  the  deve lopment  o f  both  the  economic -eco log ic  s imulat ion

model (chapter 2) and the mathematical programming model (chapter 3). Both

model  s tructures  are  f lex ib le  in  handl ing  such  constra ints .

Planning Period

The  p lanning  per iod  assumed for  the  analys is  o f  f i sh  product ion  in  the

Columbia River Basin ranges from one season (several months) to 20 years,

depending on the problem type (described in the next section). For  a  cost-

e f f e c t i v e n e s s  a n a l y s i s  o f  j u v e n i l e  f i s h  p r o d u c t i o n ,  t h e  p l a n n i n g  p e r i o d  i s

one season. F o r  a  c o s t - e f f e c t i v e n e s s  a n a l y s i s  o f  a d u l t  f i s h  p r o d u c t i o n ,  t h e

planning  per iod  i s  20  years . A  p lanning  per iod  th is  long  i s  necessary  for

a d u l t  f i s h  p r o d u c t i o n  b e c a u s e  i t  w i l l  t a k e  s e v e r a l  f i s h  l i f e - c y c l e s  o f

between 4  and  6  years  each  to  bui ld  up  s tocks  to  new leve ls .  In  addi t ion ,  a

p lanning  per iod  o f  20  years  i s  cons is tent  wi th  the  p lanning  per iod  used  by

the  Counc i l  to  pro ject  future  e lec tr i ca l  energy  needs  in  the  Pac i f i c

Northwest (Northwest Power Planning Council, 1986a and 1987b).

PROBLEM TYPES

Di f ferent  prob lem types  can  be  ident i f i ed  depending  on  the  b io log ica l

ob ject ive  establ i shed  for  the  anadromous  f i sher ies  in  the  bas in . Each

o b j e c t i v e  i m p l i e s  a  d i f f e r e n t  g e o g r a p h i c  s c o p e  o f  a n a l y s i s ,  a  d i f f e r e n t  s e t

o f  b io log ica l  components  to  be  inc luded  in  the  analys is ,  d i f ferent  mit igat ion

measures, d i f f e r e n t  c o s t s  t o  b e  i n c l u d e d  i n  t h e  a n a l y s i s ,  a n d  a  d i f f e r e n t
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planning  per iod  for  the  analys is .  Three problem types are described in this

s e c t i o n , in  order  o f  increas ing  complex i ty , t o  i l l u s t r a t e  t h e  n a t u r e  o f  t h e

di f ferent  prob lem types .

Juvenile Fish Production

The  f i rs t  prob lem type  invo lves  the  product ion  o f  a  part i cu lar  s tock  o f

j u v e n i l e  f i s h .  The  b io log ica l  ob ject ive  for  th is  prob lem type  i s  the  number

o f  j u v e n i l e  f i s h  o f  a  p a r t i c u l a r  s t o c k  t h a t  i s  p r o d u c e d  i n  a  p a r t i c u l a r

subbasin. The  geographic  scope  o f  the  analys is  i s  the  subbas in .  The

r e l e v a n t  p o r t i o n  o f  t h e  salmonid l i f e - c y c l e  t o  b e  i n c l u d e d  i n  t h e  a n a l y s i s  i s

f r o m  t h e  l a y i n g  a n d  f e r t i l i z a t i o n  o f  e g g s ,  t h o u g h  t h e  r e a r i n g  o f  f r y ,  t o  t h e

beginning of  the smoltif ication process and the down-stream migration of

smolts.  The planning period for this problem type is one season.

Juvenile Fish Production and Migration

The  second  prob lem type  i s  an  extens ion  o f  the  f i rs t  prob lem type .  I t

invo lves  the  product ion  o f  a  part i cu lar  s tock  o f  juveni le  f i sh  and the ir

subsequent migration down the mainstem  Columbia (or mainstem  Snake) River to

the estuary below Bonneville Dam. T h e  b i o l o g i c a l  o b j e c t i v e  f o r  t h i s  p r o b l e m

type  i s  the  number  o f  juveni le  f i sh  o f  a  part i cu lar  s tock  that  reach  the

estuary. The  geographic  scope  o f  the  analys is  i s  the  t r ibutary  subbasin  and

the mainstem  Columbia (or Snake) River to the estuary below Bonneville Dam.

T h e  r e l e v a n t  p o r t i o n  o f  t h e  salmonid l i f e - c y c l e  t o  b e  i n c l u d e d  i n  t h e

analys is  i s  f rom the  lay ing  and fer t i l i zat ion  o f  eggs ,  through the  rear ing  o f

fry, to the migration of  smolts to the estuary below Bonneville Dam. The

planning  per iod  for  th is  second  prob lem type  a lso  i s  one  season .

Adult Fish Production

The  th ird  prob lem type  invo lves  the  product ion  o f  a  part i cu lar  s tock  o f

a d u l t  f i s h .  I t  c o m p r i s e s  t h e  e n t i r e  salmonid l i f e - c y c l e  f r o m  t h e  l a y i n g  a n d
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f e r t i l i z a t i o n  o f  e g g s , through the rearing of fry,  the down-stream migration

of  juveni le  f i sh  to  the  ocean,  and  the  ocean f i shery , to  the  return  o f  adul t

fish to the Columbia River and the arrival of  spawners at hatcheries and

natural spawning areas. The  b io log ica l  ob jec t ive  for  th is  th ird  prob lem type

is  the  to ta l  number  o f  adul t  f i sh  harvested  in  the  ocean and that  return  to

the Columbia River to be harvested or to spawn. The geographic scope of  the

analysis is the portion of  the Columbia River Basin that supports the salmon

and s tee lhead  f i sher ies ,  together  wi th  the  ocean.  The planning period for

th is  th ird  prob lem type  i s  severa l  f i sh  l i f e - cyc les  o f  between 4  and  6  years

each. For purposes of  model design and development,  the planning period

assumed for this third problem type is 20 years.

The  character is t i cs  and  features  o f  the  three  prob lem types  descr ibed

above are summarized in Table 1.1. As shown in this table,  the three problem

types  have  d i f ferent  character is t i cs  and  as  such  require  d i f ferent  cost-

e f fec t iveness  analyses .  Moreover, the results of  those analyses may imply

different management strategies for the Columbia River Basin.

The  b io log ica l  ob jec t ive  estab l i shed  for  the  Columbia  River  f i sher ies

complete ly  spec i f i es  the  prob lem type .  Table  1 .1  i l lustrates  the  importance

o f  de f in ing  the  b io log ica l  ob jec t ive  be fore  undertaking  an  analys is  o f  the

cost -e f fec t iveness  o f  a l ternat ive  management  s trateg ies  for  the  Columbia

River Basin.

PROPOSED MODEL DEVELOPMENT

The development of  an economic-ecologic simulation model of  the Columbia

River salmon and steelhead fisheries is  proposed for the next phase

of  the  research .  This model would be capable of  analyzing the cost and fish

product ion  impl i cat ions  o f  a  set  o f  prespec i f ied  management  s trateg ies .

Experiments with the development of a mathematical programming model also is

proposed. This  model  would  be  used  to  ass is t  in  ident i fy ing  cost -e f fec t ive

management strategies for improving the Columbia River fisheries.  An
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Table  1 .1 .  Taxonomy of Problem Types for Cost-Effectiveness Analyses of Fish
Mitigation Strategies

Problem Biological
Objective

PW Type of Biological
Period Fish Production Qmpnwnts

Analysis Model in Ardysis

Juvenile
Production

=1

k Juv&le
2 Production

and Migration

Adult Fish
Production
and Migration

laalber of
Juvenile
Fish Produced

W&in

Number of
Juvenile
Fish Reaching
&Estuary

subbasin
plus Mainstem
Gdlrmbia  River

knberofAdult Columbia River
Fish Harvested in Basin plus
theocearland ocean
Escaping  the ocean

1seasOn Juvenile 0 Egg  Productian
Production o Juvenile E&ring

1seasOn Juvenile 0 Fgg Production
Production o Juvenile Rearing
ad Migration o Juvenile Migration

20 YearS Fish 0 Egg  Production
Life-cycle o Juvenile Rearing

o Juvenile Migration
0 J23rlyoceanSwival
0 ceansurvival
0 Milt Migration



i l lustrat ive  appl i cat ion  o f  these  two  models  to  a  part i cu lar  subbasin would

test  the  potent ia l  use fu lness  o f  the  models .

Both models, i f  success fu l ly  deve loped ,  wi l l  be  used  to  analyze

tradeo f f s  between leve ls  o f  f i sh  product ion  and  the  costs  o f  produc ing  and

mainta ining  those  leve ls . Both  models  are  needed  s ince  they  fu l f i l l

fundamentally different purposes and have special  strengths (and weaknesses).

However, the effort to develop the mathematical programming model described

iewed asin  chapter  3  wi l l  be  t reading  on  ent i re ly  new ground,  so

being more experimental than the simulation model at this

it must be v

stage .

OVERVIEW OF PART II

An overview of  the principal elements and features of  the proposed

economic -eco log ic  s imulat ion  model  i s  presented  in  chapter  2 . The proposed

mathematical programming model is described in considerable detail  in chapter

3. T h e  f e a s i b i l i t y  o f  a p p l y i n g  t h a t  m o d e l  t o  t h e  d e s i g n  o f  c o s t - e f f e c t i v e

mit igat ion  s trateg ies  for  the  Columbia  River  Bas in  i s  assessed  in  chapter  4 .

Approaches  to  es t imat ing  the  opportuni ty  costs  o f  reduct ions  in  the

generation of  hydropower and of  reductions in withdrawals of  irrigation water

for  the  benef i t  o f  anadromous  f i sh  are  presented  in  chapter  5 .  The  data  that

are  needed  to  fu l ly  deve lop  and  to  apply  the  two  cost -e f fec t iveness  models

presented  in  th is  part  o f  the  report  are  descr ibed  in  chapter  6 .

The  economic -eco log ic  s imulat ion  model  in  chapter  2  i s  not  presented  in

as  much deta i l  as  the  f i sh  product ion  s imulat ion  models  in  Part  I  or  the

mixed-integer l inear programming model in chapter 3 of  this part. T h i s  i s

because the economic-ecologic simulation model l ies more nearly within the

ex is t ing  s tate  o f  the  art  and  there fore  less  e f for t  was  expended  on

d e v e l o p i n g  a n  a p p r a i s a l  o f  i t s  f e a s i b i l i t y  i n  t h i s  p h a s e  o f  t h e  r e s e a r c h .

Moreover, the  economic -eco log ic  s imulat ion  model  depends  on  the  avai lab i l i ty

of a number of  other component simulation models that either already exist in

the region, such as the Systems Analysis Model (PNUCC, 1983) and the BPA
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hydrosystem regulator (BPA, 1984),  or  that  are  to  be  deve loped  in  o ther  parts

o f  the  proposed  research , such as the fish production simulation models

descr ibed  in  Part  I .  However , th is  i s  not  meant  to  imply  that  the

deve lopment  o f  the  economic -eco log ic  s imulat ion  model  wi l l  not  require

c o n s i d e r a b l e  e f f o r t . I t  w i l l . Substantial amounts of  data will  be required,

and the computer programming required both to develop and to integrate the

component simulation models will be demanding.
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Chapter 2

Assess ing  the  Cost -Ef fec t iveness  o f  A l ternat ive

Mit igat ion  Strateg ies : The Simulation Model

INTRODUCTION

This  chapter  descr ibes  the  pr inc ipa l  e lements  and  features  o f  an

economic -eco log ic  s imulat ion  model  des igned  to  assess  the  costs  and  the  long-

term f i sh  product ion  impl i cat ions  o f  a l ternat ive  management  s trateg ies  for

enhancing the salmon and steelhead fisheries in the Columbia River Basin.

The  des ign  o f  the  model  i s  based  on  the  avai lab i l i ty  o f  an  energy  p lanning

model  for  the  Pac i f i c  Northwest , an hydrosystem simulation model of  the

Columbia River Basin, and an hydrosystem regulator that already exist in the

region, and on a simulation model of  the salmon and steelhead fisheries to be

d e v e l o p e d  i n  a n o t h e r  p a r t  o f  t h i s  p r o j e c t  ( s e e  d e s c r i p t i o n  i n  P a r t  I ) .  I t  i s

important to note that such a model has not actually been developed for the

Columbia Basin but that what is discussed here is an outline of  how such a

model could be developed. Actual  construct ion  o f  the  quant i tat ive  model

would be conducted in Phase III.

This  chapter  i s  organized  in  three  pr inc ipal  sect ions . T h e  f i r s t

sect ion  i s  an  overv iew o f  the  economic -eco log ic  s imulat ion  model  inc luding

br ie f  descr ipt ions  o f  the  three  pr inc ipa l  components  o f  th is  model - -a

hydrosystem simulation model, a  f i sh  product ion  s imulat ion  model ,  and  a  cost

evaluation model. The  descr ipt ion  o f  the  economic -eco log ic  s imulat ion  model

in  th is  sect ion  i s  a  s impl i f i cat ion  o f  the  model  presented  in  more  deta i l  in

t h e  l a s t  s e c t i o n .

The  second sect ion  i s  a  rev iew o f  some o f  the  more  promis ing  e lec tr i c

energy and hydrosystem simulation models currently being used for planning

and management in the Columbia River Basin. These include the Systems
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Analysis Model used by BPA and others in the Pacific Northwest (PNUCC, 1983),

the hydro regulators used by BPA (BPA, 1984), and the Hydrosystem Seasonal

Regulation model used by the Corps of  Engineers (Corps of  Engineers,  1982).

There also are two fish production and migration simulation models currently

being used to simulate anadromous fish production in the Columbia River

Basin. These include FISHPASS  developed by the Corps of  Engineers (Tanovan,

1985; Tanovan, Arndt, and Smith, 1987) and the Columbia River Basin Fishery

Planning Model used for long-range planning by the Northwest Power Planning

Council  (Northwest Power Planning Council ,  1986b).  These two models are

d e s c r i b e d  i n  P a r t  I  o f  t h i s  r e p o r t .

The  th ird  sect ion  descr ibes  the  economic -eco log ic  s imulat ion  model

proposed for development.  This  model  i s  comprised  o f  f our  pr inc ipa l  parts - -a

master control module,  a hydrosystem simulation model,  a f ish production

simulation model,  and a cost evaluation model.  The hydrosystem simulation

model simulates the monthly operations of  the hydrosystem throughout the 20

year planning period assumed for the analysis.  This model incorporates parts

of the Systems Analysis Model and BPA’s hydro regulator,  and it  includes

those mitigation measures that pertain to the hydrosystem such as by-pass

f a c i l i t i e s  a t  h y d r o  p r o j e c t s  t o  a i d  t h e  p a s s a g e  o f  j u v e n i l e  f i s h .  T h e  f i s h

production simulation model simulates the production of  salmon and steelhead

trout throughout the 20 year planning period. This model comprises the

bio log ica l  port ion  o f  the  economic -eco log ic  s imulat ion  model  and  inc ludes

those mitigation measures that pertain to the ecosystem such as improvements

of natural spawning and natural rearing habitats.  The  f i sh  product ion

s imulat ion  model  i s  descr ibed  in  cons iderable  deta i l  in  Part  I .  The cost

evaluat ion  model  i s  used  to  es t imate  both  the  d irect  costs  o f  mit igat ion

measures and the opportunity costs of  measures.  The master control module

integrates  the  three  pr inc ipa l  components  o f  the  economic -eco log ic  model

(hydrosystem,  f i sh  product ion , and cost  eva luat ion  models )  and  i t  contro ls

the flow of information among these three components.
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OVERVIEW OF ECONOMIC-ECOLOGIC SIMULATION MODEL

As mentioned above, the economic-ecologic simulation model is comprised

of  four  pr inc ipal  parts - -a  master  contro l  module ,  a  hydrosystem s imulat ion

model,  a f ish production simulation model,  and a cost evaluation model. The

relationship among these four parts is shown schematically in Figure 2.1.

This  schemat ic  i s  a  s impl i f i cat ion  o f  the  actual  model  which  i s  descr ibed  in

m o r e  d e t a i l  i n  t h e  l a s t  s e c t i o n  o f  t h i s  c h a p t e r .

The master control  module coordinates the flow of information to and

from the  other  components  o f  the  economic -eco log ic  s imulat ion  model .  Given  a

set of  mitigation measures to be simulated, this module assigns values to the

management  var iab les  (var iab les  that  are  re lated  d irect ly  to  mit igat ion

m e a s u r e s  s u c h  a s  s i z e s  o f  h a t c h e r i e s )  a n d  i t  a s s i g n s  i n i t i a l  l e v e l s  t o  t h e

state  var iab les  (var iab les  that  descr ibe  the  s tate  o f  the  system such  as

streamflows and the number of  adult spawners of  a particular stock) in the

hydrosystem simulation model and the fish production simulation model. This

module  a lso  organizes  and  reports  the  resul ts  o f  the  s imulat ion  analys is - - the

leve ls  o f  adul t  f i sh  product ion  and  the  costs  o f  produc ing  those  leve ls .

The hydrosystem simulation model mimics the unregulated flows in the

tributaries to the Columbia and Snake rivers, the  operat ions  o f  the  s torage

pro jec ts  in  the  U.S .  and  Canadian  port ions  o f  the  bas in ,  the  operat ions  o f

t h e  r u n - o f - t h e  r i v e r  p r o j e c t s , the  f l ows  and  sp i l l s  and  the  generat ion  o f

e l e c t r i c i t y  a t  h y d r o  p r o j e c t s , the  withdrawals  o f  i r r igat ion  water ,  and  the

regulated flows in the Columbia River system to the estuary below Bonneville

Dam.

The fish production simulation model mimics the production of juvenile

fish and the migration of  smolts to the estuary below Bonneville Dam, the

o c e a n  a n d  i n - r i v e r  f i s h e r i e s , and the migration of  adult f ish up the Columbia

and Snake rivers and their tributaries to hatcheries and natural spawning

areas.
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The cost  eva luat ion  model  es t imates  both  the  d irect  resource  costs  and

the opportunity costs of  management strategies. I t  prov ides  a  t ime  s tream o f

future  costs  and  i t  d iscounts  future  costs  to  present  va lues  to  enable

comparisons of alternative management strategies.

Hydrosystem Simulation Model-

Hydrosystem simulation models are used widely in water resources

planning and management. There are two basic types. One  type  i s  ca l led  a

mass-balance model. For  th is  type , the time step of  the simulation cannot be

shorter than the time it  takes for a release of  water from an upstream

reservo ir  to  be  not i ced  at  the  mouth  o f  the  r iver . A  typ ica l  t ime  s tep  for

the mass-balance type simulation model is one month. Thus, streamflows in

this  type  o f  s imulat ion  are  typ ica l ly  analyzed  and reported  as  monthly

streamflows, and all  the management variables and all  other state variables

in the simulation are reported on the basis of  monthly averages. This type

o f  model  i s  used  most  o f ten  for  the  des ign  and  long- term operat ions  o f

s t o r a g e  r e s e r v o i r s .

The other type of  hydrosystem simulation model is called an hydraulic

routing model. For  th is  type , the time step of  the simulation can be as

short  as  i t  needs  to  be  to  descr ibe  the  part i cu lar  phenomenon. A typica l

t ime s tep  for  f l ood  rout ing  i s  one  hour  to  severa l  hours . The hydraulic

rout ing  s imulat ion  model  i s  cons iderably  more  d i f f i cu l t  to  bui ld  than the

mass-balance simulation model,  and it  requires considerably more data. The

hydraulic routing type hydrosystem simulation model is used to assess the

nature  and  extent  o f  potent ia l  future  f l oods  and  to  des ign  f l ood  contro l

levees . This type of  model may ultimately be required to assess the impacts

of hydrosystem operations on anadromous fish.

A mass-balance type hydrosystem simulation model is proposed for the

next  phase  o f  the  research . This  dec is ion  i s  based  on  two  pr inc ipa l

cons iderat ions . F i r s t , the  economic -eco log ic  s imulat ion  model  i s  des igned  to

ass is t  in  long- term strateg ic  p lanning . I t  i s  n o t  d e s i g n e d  t o  s u p p o r t  short-
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term management or operational decisions. A monthly time step for the

hydrosystem simulation seems sufficient to assess long-term impacts on the

salmon and steelhead fisheries. Second, a mass-balance hydrosystem model is

cons iderably  eas ier  to  bui ld , a n d  c e r t a i n l y  l e s s  e x p e n s i v e ,  t h o u g h  s t i l l

consumpt ive  o f  a  large  e f for t , than an hydraulic routing hydrosystem model.

The time-step in the proposed hydrosystem simulation model is one month.

Average monthly conditions, and conditions at the beginning and end of  each

month ,  are  used  to  descr ibe  the  essent ia l  features  o f  the  hydrosystem such  as

leve ls  o f  the  s torage  reservo irs ,  s treamf lows ,  water  withdrawals  for

i r r i g a t i o n , and the production of  hydroelectric power,  and average monthly

condi t ions  are  used  to  est imate  mit igat ion  costs  and  to  assess  impacts  on

anadromous fish. Short - term episodic  condi t ions  last ing  less  than one  month

are  not  re f lec ted  in  th is  model . I f  short - term episodic  condi t ions  such  as

flooding and flood control  and releases for peak power demands turn out to be

important  for  long- term strateg ic  p lanning , the short-term phenomena must

e i ther  be  re lated  a  pr ior i  to  s tate  var iab les  in  the  hydrosystem s imulat ion

model measured as monthly averages or they must be simulated using a

spec ia l ly  des igned  hydraul i c  rout ing  type  s imulat ion  model  or  set  o f

simulation models with a time step shorter than one month.

A short - term hydraul i c  rout ing  model  i s  not  descr ibed  in  th is  report  and

i t  i s  not  proposed  for  the  next  phase  o f  the  research . The  reason  for  th is

is  that  i t  i s  not  known at  th is  s tage  in  the  research  i f  short - term phenomena

w i l l  r e q u i r e  s p e c i a l  a t t e n t i o n  i n  o r d e r  t o  i n f o r m  l o n g - t e r m  s t r a t e g i c

planning, and i t  wi l l  not  be  known unt i l  a f ter  the  economic -eco log ic

simulation model has been constructed and analyses using that model have been

made. I f  short - term phenomena do  require  spec ia l  at tent ion  and analys is ,  i t

wi l l  be  cons idered  exper imenta l  and  i t  wi l l  require  an  extens ion  o f  the

methods  proposed  in  th is  part  o f  the  report .

An hydrosystem regulator, dr iven  by  the  demand for  e lec tr i ca l  energy  in

the  reg ion  and by  the  avai lab i l i ty  o f  water  in  the  bas in ,  wi l l  be  used  in

conjunction with the hydrosystem simulation model (described above) to

a l locate  the  generat ion  o f  hydroe lectr i c  power  among the  hydro  pro jec ts  in
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the basin. This , in  turn, de f ines  the  monthly  operat ions  o f  hydro  pro jec ts

in  terms o f  f l ows  and sp i l l s , wi th in  the  ru le  curves  establ i shed  for  o ther

uses  o f  the  reservo ir  such  as  f l ood  contro l  and  f lat  water  recreat ion . Once

monthly  f lows  and sp i l l s  at  the  hydro  pro jec ts  in  the  bas in  have  been

determined, the hydrosystem model will  be used to account for the regulated

monthly  f lows  in  the  r iver  system and for  the  leve ls  o f  reservo irs  at  the

storage  pro jec ts  and  the  leve ls  o f  poo ls  at  the  run-o f - the -r iver  dams.

The principal inputs to the hydrosystem simulation model are the

unregulated monthly streamflows, t h e  i n i t i a l  r e s e r v o i r  l e v e l s  a t  t h e  s t o r a g e

p r o j e c t s  a n d  i n i t i a l  p o o l  l e v e l s  a t  t h e  r u n - o f - t h e - r i v e r  d a m s ,  a n d  t h e  l e v e l s

of the hydrosystem management variables such as irrigation water withdrawals

and f lows  and sp i l l s  at  hydro  pro jec ts , inc luding  the  proport ions  o f  to ta l

f lows  (at  hydro  pro jects )  that  pass  through the  turb ines ,  through f i sh  by-

pass  conduits , and over spillways. (These proportions are determined partly

by  cons iderat ions  for  the  surv iva l  o f  juveni le  f i sh  pass ing  hydro  pro jects

and partly by the hydrosystem regulator which was described briefly above and

i n  m o r e  d e t a i l  i n  t h e  l a s t  p r i n c i p a l  s e c t i o n  o f  t h i s  c h a p t e r . ) Some of these

inputs are provided by the master control module for each management strategy

analyzed  (Figure  2 .1 ) . Other inputs are provided by the hydrosystem

regulator .

There  are  severa l  sets  o f  reservo ir  ru le  curves  that  must  be  deve loped

prior to hydrosystem simulation, o n e  s e t  f o r  e a c h  o f  t h e  s t o r a g e  p r o j e c t s  i n

the basin. These rule curves are used to guide the monthly operations of  the

s t o r a g e  p r o j e c t s . They are based on a number of  factors and considerations

inc luding  pro ject ions  o f  energy  requirements  ( loads) ,  h is tor i c  s treamflows ,

water  budgets  for  the  passage  o f  juveni le  f i sh ,  and  f lood  contro l . There are

s e v e r a l  d i f f e r e n t  k i n d s  o f  r u l e  c u r v e s , some based on f lood protection and

others based on firm power production. An operating rule curve based on all

the  o ther  ru le  curves  i s  used  for  normal  operat ions  o f  the  s torage  pro jec ts

in  the  bas in . (Deve lopment  o f  reservo ir  ru le  curves  i s  d iscussed  in  more

d e t a i l  b e l o w . )
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The principal outputs of  the hydrosystem simulation model are the

monthly regulated streamflows in the basin and the average time of passage of

water through the reservoirs,  by month and year. These outputs together with

the  f lows  at  the  hydro  pro jec ts  that  pass  through the  turb ines  and the  sp i l l s

that  pass  through f i sh  by-pass  fac i l i t ies  and  over  sp i l lways  are  passed  a long

to  the  f i sh  product ion  s imulat ion  model .

Fish Production Simulation Model

Fish  product ion  s imulat ion  models  typ ica l ly  are  not  as  wel l  deve loped  as

hydrosystem simulation models. This is due partly to the more complicated

b i o l o g i c a l  r e l a t i o n s h i p s  i n  f i s h  p r o d u c t i o n  m o d e l s ,  p a r t l y  t o  t h e  l a c k  o f

b i o l o g i c a l  d a t a , and partly to the more recent use of  mathematical models and

computers in the analysis of  ecosystems. As previously noted, an approach to

modeling fish production in the Columbia River system has been developed in

a n o t h e r  p a r t  o f  t h i s  p r o j e c t . The fish production models described in Part I

o f  th is  report  wi l l  be  used  in  the  proposed  economic -eco log ic  s imulat ion

model. They  are  not  d iscussed  further  in  th is  part  except  to  descr ibe  the

linkages between the fish production simulation model and other parts of  the

economic -eco log ic  s imulat ion  model  (F igure  2 .1 ) .

There are two groups of  inputs to the fish production simulation model.

One group is provided by the master control module. The other group is

provided by the hydrosystem simulation model. The principal inputs from the

master control module are the levels of  the management variables that pertain

to  the  ocean and in -r iver  f i sher ies  such  as  the  number  o f  f ry  or  smolts  that

are  re leased  f rom hatcher ies , the capacities of  natural spawning and natural

rear ing  habi tats , and  the  d is tr ibut ion  o f  the  ocean harvest ,  the  in -r iver

harvest , and the adult f ish that are permitted to spawn. The  pr inc ipal

inputs from the hydrosystem simulation model include the monthly regulated

streamflows throughout the basin, the average time of  passage of  water

through the reservoirs by month of year, and the monthly flows and spills at

hydro  pro jects  that  pass  through the  turbines ,  through f i sh  by-pass

f a c i l i t i e s , and over the spillways.
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The pr inc ipal  outputs  o f  the  f i sh  product ion  s imulat ion  model  are  the

leve ls  o f  adul t  f i sh  product ion  measured  by  the  number  o f  adul t  f i sh  that  are

harvested in the ocean, the number that are harvested in the river,  and the

number that are permitted to spawn, for each year in the planning period and

for  each  s tock  cons idered  in  the  analys is .

Cost Evaluation Model

The  cost  eva luat ion  model  es t imates  both  the  d irect  resource  costs  and

the  indirect  resource  (opportuni ty )  costs  o f  each  management  s trategy

analyzed, organizes these costs by the year they are incurred, and computes

the  present  va lue  o f  the  t ime s tream o f  costs .

REVIEW OF HYDROELECTRIC AND HYDROSYSTEM SIMULATION MODELS

This  sect ion  conta ins  br ie f  summaries  o f  e lectr i c  energy  and hydrosystem

simulation models currently being used for planning and management in the

Columbia River Basin that seem promising, in whole or in part,  for

incorporat ion  in  the  proposed  economic -eco log ic  s imulat ion  model . These

include the Systems Analysis Model prepared by the Pacific  Northwest

Utilities Conference Committee (PNUCC, 1983), the  hydro  regulators  deve loped

and used by BPA (BPA, 1984),  and the Hydrosystem Seasonal Regulation Model

developed and used by the U.S. Army Corps of  Engineers (Corps of  Engineers,

1982). Br ie f  descr ipt ions  o f  FISHPASS  deve loped  by  the  Corps  o f  Engineers

(Tanovan, 1985; Tanovan, Arndt, and Smith, 1987) and the Columbia River Basin

Fishery Planning Model used for long-range planning by the Northwest Power

Planning Council (Northwest Power Planning Council, 1986b) may be found in

P a r t  I  o f  t h i s  r e p o r t .

Systems Analysis Model (SAM)

The Systems Analysis Model (SAM) is a large, complex simulation model

that serves many purposes within BPA, vary ing  f rom long-range  pro ject ions  o f

thermal power generation requirements t o  a n a l y s i s  o f  t h e  i m p a c t s  o f  intertie
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expansion on hourly hydrosystem flows during the spring smolt migration. The

economic-ecologic simulation model will  require only a modest subset of  SAM’s

o v e r a l l  c a p a b i l i t i e s , and this description concentrates on the subset we plan

to  incorporate  in  the  economic -eco log ic  s imulat ion  model . The reader who is

unfamiliar with SAM may wish to read the overview report on SAM (PNUCC,

1983).

SAM is a long-range, Monte  Car lo ,  s imulat ion  model  o f  e lec tr i c  energy

supply and demand in the Pacific Northwest with a typical planning horizon of

twenty years. I t  operates  the  hydroe lectr i c  port ion  o f  the  system as  though

it were owned by a single f irm, per forming  a  probabi l i s t i c  s imulat ion  o f  the

region’s power demands and power supplies. The model simulates both long-

term planning operations, mimicking the annual and seasonal planning process,

and short-term systems operations at intervals ranging from monthly to daily,

and even hourly,  operations. The proposed economic-ecologic simulation model

will use both the planning mode and the monthly operating mode of SAM.

Of the many possible outputs from SAM, the needs of the proposed

economic-ecologic simulation model focus on two broad areas. T h e  f i r s t  i s

the  demand for  e lec tr i c i ty , d isaggregated  by  f i rm power ,  d i rect  serv ice

industry  (DSI)  l oads , and  sa les  outs ide  the  reg ion . The second is the supply

of electricity,  disaggregated by thermal power and hydropower. SAM is also

capable  o f  produc ing  in format ion  on  the  a l locat ion  o f  l oads  among indiv idual

hydro  pro jects  and thermal  power  generat ing  p lants ,  a l though i t  wi l l  be

necessary to modify SAM in order to produce more accurate estimates of  the

monthly  loads  at  indiv idual  hydro  pro jects . This  re f inement  i s  needed  for

s imulat ing  the  impacts  on  f i sh  o f  a l ternat ive  mit igat ion  s trateg ies .

More specifically,  we plan to use the output from a number of  computer

runs of SAM to generate loads, d isaggregated  into  the  categor ies  noted  above ,

and tota l  generat ion ,  d isaggregated  into  to ta l  thermal  generat ion  and tota l

hydropower generation. The hydrosystem loads will  be translated into

indiv idual  operat ing  ru le  curves  at  each  o f  the  hydro  pro jec ts  us ing  one  o f

BPA’s  hydro  regulators  (descr ibed  br ie f ly  above  and  in  more  deta i l  be low) .
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In  order  to  assess  the  t rade-o f f s  between improvements  in  adul t  f i sh

production and reductions in hydropower generation, we plan to use SAM under

a  v a r i e t y  o f  f l o w  s c e n a r i o s . Whi le  the  deta i l s  o f  the  scenar ios  have  not  yet

been  dec ided ,  we  tentat ive ly  p lan  to  a l ter  f l ow and  sp i l l  reg imes

systematica l ly , thereby varying the amounts of hydropower that can be

generated. This  wi l l  be  done  outs ide  the  economic -eco log ic  s imulat ion  model .

The operating rule curves that are output from SAM and the BPA hydro

regulator will  be used as inputs to the hydrosystem simulation model,  as

mentioned above and described in more detail  below.

Hydro Regulator

Hydropower production in the Pacific Northwest is designed to meet f irm

energy loads. There fore ,  determinat ion  o f  the  f i rm load  capabi l i ty  o f  the

system is  a  cr i t i ca l  part  o f  the  hydrosystem analys is . T h i s  c a p a b i l i t y  i s

re ferred  to  in  the  Columbia  context  as  the  f i rm energy  load  carry ing

capabi l i ty  (FELCC)  o f  the  hydroe lectr i c  system. I t  i s  d e f i n e d  i n  t h e  P a c i f i c

Northwest Coordination Agreement (BPA, 1964) as the maximum amount of energy,

in the same monthly distribution as the system’s firm energy loads, which the

system is  ab le  to  produce  without  fa i lure  throughout  the  h is tor i c  per iod  used

for  hydroe lectr i c  resource  p lanning , u s i n g  a l l  o f  i t s  r e s e r v o i r  s t o r a g e  i n

combinat ion  with  i ts  h is tor i c  s treamflows  (Dean,  1982) . T h e  h i s t o r i c

s treamf lows  current ly  used  for  th is  analys is  are  the  unregulated  f lows  for

the 40-year period,  1928-29 through 1967-68.

The  account ing  o f  f l ows ,  l oads , and storage is commonly referred to as

hydroe lectr i c  system regulat ion . For hydroelectric systems as complex as

those  in  the  Pac i f i c  Northwest , i t  i s  n e c e s s a r y  t o  i t e r a t e  u s i n g  computer-

prepared hydroelectric regulations to determine the system’s FELCC and to

i d e n t i f y  t h e  c r i t i c a l  p e r i o d  ( t h e  p e r i o d  i n  t h e  h i s t o r i c  r e c o r d  w h e r e  t h e

usable  reservo ir  s torage  i s  dra f ted  f rom fu l l  to  empty  to  produce  the

system’s FELCC).
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Hydro regulators are used by BPA for several purposes concerning the

operation of  the Columbia River hydrosystem (BPA, 1984). Two such purposes

re levant  to  the  proposed  economic -eco log ic  s imulat ion  model  are  the

determination of  the firm energy load carrying capability (FELCC) of  the

hydroe lectr i c  system and the  preparat ion  o f  operat ing  ru le  curves  for  the

storage  pro jects  in  the  bas in . The input data needed for hydro regulation

a n a l y s i s  c o n s i s t s  o f  h i s t o r i c  s t r e a m f l o w s , adjusted for modern depletions and

hydroelectric development, and basic energy loads and resources,  which may be

histor i c  but  more  o f ten  are  forecasts  f rom the  present  up  to  20  or  30  years

in the future (BPA, 1984). Forecasts of  energy loads and resources are

provided by the System Analysis Model discussed above.

One of  the important outputs of  the hydro regulator with respect to the

proposed  economic -eco log ic  s imulat ion  model  i s  the  set  o f  operat ing  ru le

curves  for  the  s torage  pro jects  in  the  bas in . The operating rule curve which

is  used  to  guide  the  monthly  operat ions  o f  the  reservo ir  i s  deve loped  f rom

f o u r  d i f f e r e n t  r u l e  c u r v e s : an upper rule curve which provides f lood

p r o t e c t i o n , an energy  content  curve ,  a  cr i t i ca l  ru le  curve ,  and a  l imit ing

rule  curve . The  last  three  ru le  curves  perta in  to  the  ab i l i ty  o f  the  system

to generate f irm hydropower.

Other  hydrosystem regulators  a lso  are  avai lab le  in  the  Pac i f i c  Northwest ,

but BPA’s hydro regulator appears adequate to provide the information on

hydro  regulat ion  that  wi l l  be  required  as  input  to  the  economic -eco log ic

simulation model.

Hydrosystem Seasonal Regulation Model

The Hydrosystem Seasonal Regulation model (HYSSR) was developed by the

Corps of  Engineers and is used by both the Corps and other groups in the

Pacific Northwest for a number of  purposes (Corps of  Engineers,  1982). For

example, i t  i s  used  by  the  Corps  to  prov ide  input  f l ows  to  FISHPASS  (Tanovan,

1985). While the model can be used for hydrosystem regulation, and while it

also can be used to simulate regulated streamflows, hydropower production,
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and f lood  contro l , we  do  not  p lan  to  use  i t  f or  the  proposed  economic-

eco log ic  s imulat ion  model  s ince ,  as  just  d iscussed ,  we  p lan  to  use  BPA’s

hydro  regulator .

PROPOSED ECONOMIC-ECOLOGIC SIMULATION MODEL

The proposed economic-ecologic simulation model can now be described in

a summary and integrated way. The model design is based on the information

needs of BPA, the Northwest Power Planning Council, and other concerned

part ies  in  the  Pac i f i c  Northwest ,  as  descr ibed  in  chapter  1 .

Features of  the Simulation Model

As  indicated  prev ious ly , the  economic -eco log ic  s imulat ion  model  i s

intended to be used for long-term strategic planning for the salmon and

steelhead fisheries in the Columbia River Basin. The model is  designed to

explore  the  cost  and  long- term f i sh  product ion  impl i cat ions  o f  a l ternat ive

management strategies, including changes in the water budget used to aid the

p a s s a g e  o f  j u v e n i l e  f i s h .  The  pr inc ipa l  outputs  o f  the  model  are  the  long-

term production of  adult f ish and the costs of  producing and maintaining

t h o s e  l e v e l s .

There are several mitigation measures to be considered. They include

addit ional  hatchery  capac i ty , improvements in natural spawning and natural

rear ing  habi tats , increased  f lows  in  r ivers  and  increased  f lows  over

s p i l l w a y s  d u r i n g  c r i t i c a l  p e r i o d s  t o  a i d  t h e  p a s s a g e  o f  j u v e n i l e  f i s h ,

addi t ional  by -pass  fac i l i t ies  at  major  hydro  pro jec ts  a long  the  Columbia  and

Snake rivers, and transportation of smolts by truck and barge to the estuary

below Bonneville Dam. These measures and others will  be included in the

proposed model.

The  costs  in  the  model  inc lude  both  the  d irect  resource  costs  o f  f i sh

mit igat ion  measures  and the  opportuni ty  costs  o f  reduct ions  (1 )  in  the

generat ion  o f  hydropower  and  (2 )  in  wi thdrawals  o f  water  for  i r r igat ion
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through the purchase of water rights, for  the  benef i t  o f  anadromous  f i sh .

Est imat ion  o f  the  opportuni ty  costs  o f  reduct ions  in  hydropower  generat ion

and o f  reduct ions  in  i rr igat ion  water  withdrawals  represents  a  major

analyt ica l  undertaking .  This  i s  d iscussed  in  cons iderable  deta i l  in  chapter

5.

The time step of  the simulation will  be one month. The  length  o f  the

simulation will  be for a period representing 20 or more years,  depending upon

the length of  time it  takes for anadromous fish populations to reach new

t a r g e t  l e v e l s .

Elements of the Simulation Model

The  pr inc ipal  e lements  o f  the  economic -eco log ic  s imulat ion  model  are

d e s c r i b e d  i n  t h i s  s e c t i o n .  They include the fish mitigation measures to be

incorporated in the simulation model and the components of  the simulation

model  that  wi l l  be  used  in  a  typ ica l  s imulat ion  run o f  the  model .

Mitigation Measures.  Al l  appl i cable  f i sh  mit igat ion  measures  wi l l

e i ther  be  incorporated  d irect ly  in  the  economic -eco log ic  s imulat ion  model  or

s imulated  as  part  o f  the  analys is ,  or  both .  Many of these measures were

d i s c u s s e d  p r e v i o u s l y  i n  P a r t  I  a n d  e a r l i e r  i n  t h i s  p a r t .  T h e r e f o r e ,  t h e y

wi l l  be  ment ioned  only  br ie f ly  here .  For  purposes  o f  d iscuss ion ,  the

measures  are  organized  in  four  groups  accord ing  to  the ir  e f fec ts  on  the  life-

cycle of  anadromous fish.  These  four  groups  inc lude :  smolt  product ion ,  smolt

migration, estuarine and ocean survival,  and upriver migration. General

in format ion  on  appl i cab le  mit igat ion  measures  are  prov ided  in  the  report  o f

the Columbia River Basin Fish and Wildlife Program (Northwest Power Planning

Counci l ,  1987a) .  Deta i l s  on  part i cu lar  mit igat ion  measures  are  expected  to

be available from the Corps of  Engineers and from subbasin  planning studies

currently underway (Northwest Power Planning Council ,  1987a,  1987b).

Mitigation measures used to improve smolt production include additional

hatchery  capac i ty , improvements in natural spawning habitat, improvements in
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natural  rear ing  habi tat ,  outp lant ing  po l i cy ,  and  modi f i cat ion  o f

smolt i f i cat ion  schedules .

Mitigation measures used to improve downstream migration of smolts

inc lude  increased  r iver  f lows , i n c r e a s e d  s p i l l s  a t  h y d r o  p r o j e c t s ,  f i s h  b y -

p a s s  f a c i l i t i e s  a t  h y d r o  p r o j e c t s , and  transportat ion  o f  juveni le  f i sh  by

truck and barge to the estuary below Bonneville Dam.

Mitigation measures used to improve upstream migration of adult f ish

inc lude  increased  r iver  f lows , more  e f f i c ient  f i sh  ladders ,  and  increased

f lows  over  f i sh  ladders .

Components of Model Used in Simulations. As  prev ious ly  descr ibed ,  the

proposed  economic -eco log ic  s imulat ion  model  i s  comprised  o f  f our  pr inc ipa l

parts--a master control module, a hydrosystem simulation model,  a f ish

production simulation model,  and a cost evaluation model. The  re lat ionship

among these four parts was shown previously in Figure 2.1.

Before  the  economic -eco log ic  model  can  be  used  for  s imulat ion ,  severa l

inputs will  be required from other models,  for example,  the Systems Analysis

Model and the hydro regulator described previously. The purpose of  this

sect ion  i s  to  descr ibe  the  operat ion  o f  the  economic -eco log ic  s imulat ion

model,  and the flow of information both from outside and within the model.

The operation of  the proposed economic-ecologic simulation model is

shown schematically in Figure 2.2. The  two  pr inc ipal  “dr iv ing  forces”  behind

this  operat ion  are  the  pro jec ted  energy  requirements  ( l oads )  for  the  Pac i f i c

Northwest and the historic (unregulated) streamflows. Given a water budget

for anadromous fish at Priest Rapids and Lower Granite Dams together with

requirements  for  sp i l l s  a t  hydro  pro jec ts  to  a id  the  passage  o f  juveni le

f i s h ,  t h e s e  t w o  “ d r i v i n g  f o r c e s ” determine the firm hydropower available from

the hydroelectric system and in turn are instrumental in the development of

the  operat ing  ru le  curves  for  the  s torage  pro jec ts

Columbia River Basin.

in  the  U.S .  por t i o n  o f  t h e
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Except for the development of  the operating rule curves which is done

outs ide  the  economic -eco log ic  s imulat ion  model ,  the  model  operates  in  a

sequent ia l  fashion . The components of  the model are discussed in the order

they would appear in a typical simulation run of the model.

The  economic -eco log ic  s imulat ion  model  requires  a  set  o f  ru le  curves  for

each  o f  the  s torage  pro jec ts  in  the  bas in  be fore  the  model  can  be  used  for

s imulat ion . The  upper  ru le  curve  for  f l ood  protect ion  and  the  lower  ru le

curve that defines the boundary between live storage and dead storage are

f i x e d . These  ru le  curves  are  avai lab le  for  each  s torage  pro ject  f rom the

Corps of  Engineers (Corps of  Engineers,  1985). However, the  operat ing  ru le

curves, which  are  used  to  guide  the  monthly  operat ions  o f  s torage  pro jec ts

are not f ixed and may have to be developed for each simulation run of  the

model that involves a change in the flow regime, depending on the conditions

assumed for the analysis. The Systems Analysis Model and the hydro regulator

shown in  the  upper  port ion  o f  F igure  2 .2  wi l l  be  used  to  deve lop  the  ru le

curves needed for the economic-ecologic simulation model.

As mentioned previously, the Systems Analysis Model (SAM) projects

future  energy  requirements  ( loads )  for  the  Pac i f i c  Northwest  and,  in

conjunct ion  with  the  hydro  regulator , generates thermal loads and resources

and f i rm hydroe lectr i c  loads . The  hydro  regulator  uses  h is tor i c

(unregulated) streamflows and, in conjunction with SAM, generates a set of

e n e r g y  r u l e  c u r v e s  f o r  a l l  t h e  s t o r a g e  p r o j e c t s . T h e s e  i n c l u d e  t h e  c r i t i c a l

rule curve (CRC), t h e  a s s u r e d  r e f i l l  c u r v e  ( A R C ) ,  t h e  v a r i a b l e  r e f i l l  c u r v e

(VRC), and the lower l imits energy content curve (LLECC). The energy rule

curves, together with the mandatory (upper level)  rule curve (MRC) for f lood

protect ion  and the  lower  ru le  curve  that  de f ines  the  l imits  o f  ac t ive

storage ,  are  used  to  deve lop  the  operat ing  ru le  curve  (ORC) .  An example  o f

the  procedure  used  to  deve lop  an  operat ing  ru le  curve  for  a  typ ica l  s torage

project is shown in Figure 2.3 (Columbia River Water Management Group, 1986).

The  ru le  curves  for  the  s torage  pro jec ts  are  one  o f  the  pr inc ipal  inputs

to the hydrosystem simulation model. Other  inputs  inc lude  h is tor ic  or
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- Analysis
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Streamflows Rule Curves
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t
Fish Production
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Figure  2 .2 .  Schematic Diagram of the Operation of the Proposed Economic-
Ecologic Simulation
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MRC

CRC

ARC

WC

ORC

LLECC

RULE CURVE DEFINITIONS
MANDATORY  RULE  CURVE  For the period August thru December is based on
historical flows and for the period January thru July IS based on forecast flows.
The MRC’s reflect the amount of storage space needed to protect against flood.

CR/T/CAL RULE  CURVE  Is actually a family of one to four curves depending on
the length of the critical period. These curves are developed in July of each
operating year from historical flows and based on operating under adverse flow
conditions.

ASSURED REFlLL CURVEThiscurve  is theelevation that each project can refill
if thesecond lowest historical wateryear(l931). January thru July run-off should
occur.

VARIABLE REFILL  CURVE  This curve depicts the reservoir elevation needed to
refill with 95 percent assurance based on the current run-off forecast.

OPERATING RULE CURVE
(August thru December) The ORC is the higher of the ARC or the CRC unless the
MRC is lower, then it controls.
(Januarythru March)TheORCmethod isthesameasthe August thru December
period unless the VRC is lower, then it controls. When the VRC  controls the ORC
can be higher than the MRC. But in no case can the ORC be lower than the
LLECC
(April thru July) The ORC method is the same as January thru March period,
except without the LLECC consideration.

LOWER  LlMlTS ENERGY  CONTENT CURVE  Protects the ability to meet Firm
Load from forecast error.

TYPICAL STORAGE PROJECT RULE CURVE OPERATION

Rule Curves After Forecast
Dashed Lines

Aug Sep  Ott Nov Dee Jan Feb Mar Apr May Jun Jul
!vtonths

ORC ORC ORC4
Defined by the (August Defined by the Defined by the
thru December) Method. (January thru (April thru July)

March) method. method.

Figure  2 .3 . Procedure used to Develop the Operating Rule Curve for a Typical
Storage  Reservo ir

Source: Columbia River Water Management Group. 1986. Columbia River Water
Management Report for Water Year 1986, Columbia River Water
Management Group, U.S. Army Corps of Engineers,  North Pacific
D i v i s i o n ,  P o r t l a n d ,  O r e g o n ,  A p r i l .
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generated streamflows; i rr igat ion  water  wi thdrawals ;  the  proport ion  o f  to ta l

f lows  pass ing  through the  turb ines ,  f i sh  by-pass  fac i l i t ies ,  and  over

spi l lways ;  minimum f lows  for  f i sh  (water  budget ) ;  and  the  e f fec ts  o f  o ther

fish mitigation measures on the operations of  the hydrosystem.

The principal outputs of  the hydrosystem simulation model are regulated

monthly streamflows, monthly flows through turbines and monthly spills

through by-pass  fac i l i t ies  and  over  sp i l lways ,  and  the  generat ion  o f

hydropower  at  the  d i f ferent  hydro  pro jec ts ,  d isaggregated  by  f i rm (or

primary) power and surplus (or secondary) power.

Information on streamflows from the hydrosystem simulation model is

passed along to the fish production simulation model. This model together

with information on the particular mitigation measures used in the simulation

i s  u s e d  t o  p r o j e c t  l e v e l s  o f  a d u l t  f i s h  o f  p a r t i c u l a r  s p e c i e s  a n d  s t o c k s .

These  pro jec t ions  o f  adul t  f i sh  are  used  in  the  cost -e f fec t iveness  analyses

descr ibed  in  chapter  1 .

Information on the mitigation measures assumed for particular

s imulat ions , including reductions in the generation of  hydropower and

reduct ions  in  withdrawals  o f  i r r igat ion  water  for  the  benef i t  o f  anadromous

f ish ,  i s  passed  a long  to  the  cost  eva luat ion  model  where  the  costs  incurred

in particular years are estimated and where the present values of  the time

streams of those costs are computed. Both  the  d irect  resource  costs  and  the

opportuni ty  costs  o f  f i sh  mit igat ion  are  inc luded  in  the  costs  est imated  in

the cost evaluation model.

The  mit igat ion  costs  and  the  leve ls  o f  adul t  f i sh  product ion  for  each

management strategy analyzed are used to assess the cost-effectiveness of

part i cu lar  management  s trateg ies ,  as  descr ibed  in  chapter  1 .

CONCLUDING COMMENTS

The  economic -eco log ic  s imulat ion  model  descr ibed  in  th is  chapter  i s  a

11-2-19



determinist i c  model . After this model has been developed, it  should be

placed within a Monte Carlo simulation framework to provide a capability for

a s s e s s i n g  t h e  l e v e l s  o f  u n c e r t a i n t y  i n  p r o j e c t i o n s  o f  f i s h  p r o d u c t i o n ,

m i t i g a t i o n  c o s t s , and  measures  o f  cost -e f fec t iveness .

Both  the  determinist i c  and  s tochast i c  vers ions  o f  the  economic -eco log ic

simulation model will  be provided with interactive computer software and they

w i l l  b e  d e s i g n e d  t o  b e  “ u s e r  f r i e n d l y ” . The  intent  i s  to  t ransfer  models ,

data  sets , and computer programs to BPA, and/or other interested and

respons ib le  part ies , a f ter  complet ion  o f  the  research  to  enable  the ir

personnel  to  explore  the  f i sh  product ion  and  cost  impl i cat ions  o f  a l ternat ive

management strategies for the Columbia River Basin and to examine the

i m p l i c a t i o n s  o f  d i f f e r e n t  “ w h a t  if” s c e n a r i o s .
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Chapter 3

June 16 1988

Ident i fy ing  the  Most  Cost -Ef fec t ive  Fish  Mit igat ion  Strategy :

The Least-Cost Model

INTRODUCTION

As indicated

powerful method0

in both chapters 1 and 2, s imulat ion  i s  a  f l ex ib le  and

l o g i c a l too l  f or  analyz ing  the  cost  and  f i sh  product ion

i m p l i c a t i o n s  o f  a  p r e s p e c i f i e d  s e t  o f  f i s h  m i t i g a t i o n  a l t e r n a t i v e s . But when

confronted  with  a  large  array  o f  a l ternat ive  mit igat ion  opt ions ,  not  a l l  o f

which can be implemented, the cost-effectiveness analysis may take the form

of  searching  for  the  least - cost  mit igat ion  s trategy  that  can  achieve  the

b i o l o g i c a l  o b j e c t i v e . Using simulation in a trial-and-error approach to

approx imate  a  least - cost  so lut ion  probably  i s  a  poor  cho ice  for  searching .

Ident i fy ing  the  least - cost  s trategy  through a  systemat ic  search  procedure

such as mathematical programming may be more efficient but is a much more

di f f i cu l t  problem than assess ing  the  hydro log ic ,  eco log ic ,  and  economic

impl icat ions  o f  part i cu lar  mit igat ion  a l ternat ives  or  exper iment ing  with  an

exogenous ly  spec i f ied  set  o f  mit igat ion  a l ternat ives  us ing  s imulat ion . The

analyt i ca l  approaches  to  these  two  types  o f  analyses  are  ent i re ly  d i f ferent ,

a n d  d i f f e r e n t  s k i l l s ,  e x p e r i e n c e s , and  d isc ip l ines  are  required  for  each .

The  former  requires  a l l  the  sk i l l s  and  exper iences  o f  the  lat ter ,  and  more .

The  graph presented  in  Figure  3 .1  i l lustrates  the  essence  o f  the  least-

cost problem. ( I t  a l s o  i l l u s t r a t e s  t h e  e s s e n c e  o f  t h e  c o s t - e f f e c t i v e n e s s

problem more generally.) This graph shows the relationship between

a l t e r n a t i v e  l e v e l s  o f  a d u l t  f i s h  p r o d u c t i o n  f o r  a  p a r t i c u l a r  s p e c i e s  ( o r

stock)  and  the  costs  o f  produc ing  those  leve ls . T h i s  g r a p h  i s  i l l u s t r a t i v e

because, in general, the costs of  mitigation cannot be estimated for an

indiv idual  spec ies  or  s tock . Investments in mitigation procedures usually
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Legend

o  L e a s t - C o s t  A l t e r n a t i v e s
+  I n e f f i c i e n t  A l t e r n a t i v e s

+

Envelope  o f  “Least -Cost ”
Al ternat ives

Tota l  Cost Minimum Cost of Meeting the
o f  F i s h Target Level of  Returning Adults
Mit igat ion

LA l t e r n a t i v e  - - - - -

Exis t ing  Leve l  o f
Returning Adults 7

( I l l u s t r a t i v e )

Bio log ica l  Object ive  (Number  o f  Returning  Adults )

F i g u r e  3 . 1 . The  Least -Cost  Fish  Mit igat ion  Al ternat ives  for  a  Part i cu lar
Stock  and for  Di f ferent  Bio log ica l  Object ives
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benef i t  severa l  s tocks  and spec ies  s imultaneous ly ,  and  there  i s  no

unambiguous  way o f  ass igning  jo int  costs  to  indiv idual  s tocks  or  spec ies .

The curve shown in this f igure represents the “envelope” of  system-wide

l e a s t - c o s t  f i s h  m i t i g a t i o n  a l t e r n a t i v e s  f o r  d i f f e r e n t  t a r g e t  l e v e l s  o f

returning  adult  f i sh . One of the principal strengths of  mathematical

programming is  i t s  ab i l i ty  to  ident i fy  the  a l ternat ives  that  fa l l  on  th is

“enve lope” . A l s o  s h o w n  i n  t h i s  f i g u r e  i s  a  s e t  o f  l e s s  c o s t - e f f e c t i v e

a l t e r n a t i v e s . These  a l ternat ives  are  indicated  by  the  symbol  ‘I+” and  l i e

above  and  to  the  le f t  o f  the  least - cost  curve . S imulat ions  o f  pre -spec i f i ed

f ish  mit igat ion  a l ternat ives  typica l ly  produce  such  resul ts .

The graph in Figure 3.1 i l lustrates the problem of attempting to

ident i fy  the  least - cost  set  o f  a l ternat ives  us ing  a  model  des igned  for

simulation rather than a model designed from the outset to identify the

l e a s t - c o s t  a l t e r n a t i v e s . Simulation models, whi le  very  use fu l  and  re lat ive ly

easy to understand, are,  by themselves, h ighly  unl ike ly  to  ident i fy  the

l e a s t - c o s t  a l t e r n a t i v e s . This is because in a system with many possible

contro l  opt ions  the  number  o f  poss ib le  a l ternat ives  i s  astronomica l  and

judgment  and intui t ion  are  unl ike ly  to  lead  to  least - cost  so lut ions . T h i s  i s

why it  is  necessary to try to develop a systematic search procedure even

though this involves confronting substantial mathematical complexities.

Formal search procedures in this context take the form of mathematical

programming models (linear programming, mixed-integer linear programming, and

nonlinear programming). In this approach, t h e  p a r t i c u l a r  t r i a l  a l t e r n a t i v e s

to  be  assessed  are  not  spec i f i ed  a  pr ior i . Rather, the mathematical

programming model is used to identify that combination of  potentially

available f ish hatcheries,  levels of  enhancement of  natural spawning and

rearing areas, operations of  dams and reservoirs,  streamflows, and other

mit igat ion  a l ternat ives  that  can  achieve  the  b io log ica l  ob ject ive  at  least-

c o s t , s u b j e c t  t o  l i m i t s , such as electric power production requirements,

c a l l e d  c o n s t r a i n t s . The  set  o f  l east - cost  resul ts  shown in  Figure  3 .1  i s

representat ive  o f  the  resul ts  which  can  in  pr inc ip le  be  obta ined  f rom

mathematical programming models.
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On the other hand, the  s imulat ion  approach  i s  re lat ive ly  s tra ight forward

from a computational perspective. For the most part, this approach involves

integrat ing  var ious  s imulat ion  models  (e .g . ,  cost ,  hydrosystem,  and f i sh

migration simulation models)  and applying standard principles of  engineering

economy, as explained in chapter 1. The  most  d i f f i cu l t  part  o f  th is  approach

is  spec i fy ing  the  scenar ios  to  be  analyzed  in  searching  for  the  least - cost

a l t e r n a t i v e  o r  s e t  o f  a l t e r n a t i v e s . But we note again that simulation,

because  o f  i t s  f l ex ib i l i ty  in  mimicking  the  actual  system,  i s  the  method  o f

cho ice  for  pro ject ing  the  outcomes  o f  part i cu lar  mit igat ion  a l ternat ives .

In  addi t ion  to  d i f ferences  in  the  computat ional  complex i ty  o f  the

mathematical programming and simulation approaches, there may also be

di f ferences  in  the  accuracy  o f  the ir  outputs . Because mathematical

programming models tend to grow large in size (measured by the number of

management and state variables and by the number of constraining

relationships) and thus to become diff icult to manage and in some cases

“unso lvable” , simplifying assumptions are often required. These simplifying

assumptions can affect the accuracy of  the results obtained from these

models.

Assumptions made to reduce the size of mathematical programming models

are generally not required of  simulation models. Thus, simulation models are

able to provide more accurate assessments of  the costs and ecological

implications of particular mitigation alternatives than programming models.

There in  l ies  the  d i lemma for  the  least - cost  analys is . Simulation models are

able to provide more accurate assessments of  the cost and the fish production

impl icat ions  o f  part i cu lar  mit igat ion  a l ternat ives ,  but  they  are  weak in

t h e i r  a b i l i t y  t o  i d e n t i f y  t h e  s e t  o f  l e a s t - c o s t  a l t e r n a t i v e s . Mathematical

programming models are designed to identify the set of  least-cost

a l t e r n a t i v e s , but due to the simplifying assumptions that are generally

required, they  do  not  mimic  rea l i ty  with  the  f ide l i ty  o f  s imulat ion  models .

Al though each  approach  has  des irable  features ,  ne i ther  i s  ent i re ly

sat is factory  for  the  needs  o f  the  Columbia  River  Bas in  f i sh  mit igat ion

analys is . A combination of the two approaches may be workable.
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Perhaps the best way to view mathematical programming for large, complex

economic-ecologic systems such as fish production in the Columbia River Basin

is as a “ s c r e e n i n g ”  d e v i c e  t o  a s s i s t  i n  i d e n t i f y i n g  a  s e t  o f  t e c h n i c a l l y

feasible management alternatives that achieve the same level of  effectiveness

or  that  have  des irab le  cost -e f fec t iveness  propert ies ,  or  both . T h i s  s e t  o f

alternatives can then be simulated using the more detailed economic-ecologic

simulation model. The latter will  provide more accurate estimates of  the

mitigation costs and more accurate estimates of  the fish production

impl icat ions  o f  the  var ious  mit igat ion  a l ternat ives . These more accurate

estimates of  costs and of  the numbers of  adults available for harvest and

spawning  can  then  be  used  to  ident i fy  the  least - cost  set  o f  mit igat ion

al ternat ives  ( see  Figure  3 .1 ) .

Choice of a Model

T h e  g o a l  o f  t h i s  c h a p t e r  i s  t o  i d e n t i f y  t h e  s t r u c t u r e  o f  a  l e a s t - c o s t

mathematical programming model and to estimate its size. Structure and size

are  the  two  pr inc ipal  at tr ibutes  o f  such  models  that  in f luence  the ir  success

i n  r e a l  a p p l i c a t i o n s . For  large  sca le  appl i cat ions  such  as  th is ,  the  most

desirable model structure from a computational perspective is a l inear

programming (LP) model. In order to be able to use l inear programming,

though, a l l  the  cost  funct ions  and a l l  the  constra in ing  re lat ionships  must

either be l inear or be approximated by l inear segments.

In  the  typica l  l east - cost  prob lem, i t  i s  not  a lways  poss ib le  to

approximate all  the nonlinear relationships with linear segments. Therefore,

it  is not always possible to use l inear programming. However ,  i t  i s

sometimes possible to use integer variables to approximate the remaining

nonl inear  re lat ionships . This  requires  the  use  o f  mixed  integer  l inear

programming, the next most desirable model structure for large scale

appl i cat ions . In  th is  case ,  though, the number of integer variables becomes

a  pract i ca l  cons iderat ion  a long  with  s ize  ( character ized  by  the  tota l  number

of  var iab les  and  the  tota l  number  o f  constra in ing  re lat ionships )  in  rea l

appl i cat ions . If  mixed integer l inear programming cannot be used, it  may be
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necessary to use nonlinear programming. This  i s  the  least  des irab le  model

s t r u c t u r e  f o r  l a r g e  s c a l e  a p p l i c a t i o n s . Nonlinear programming models

typically consume large amounts of computer time and they do not guarantee

ident i fy ing  the  “g loba l ”  (as  opposed  to “ l o c a l ” )  l e a s t - c o s t  s t r a t e g y ,  i f  t h e

nonlinear functions are not convex.

The approach used to identify the structure of  the least-cost model was,

f i r s t , to  es tabl i sh  pr ior i t ies  for  the  s tructure  o f  the  model  and ,  second,

g i v e n  t h e s e  p r i o r i t i e s , to investigate what was possible. The following

pr ior i t ies  were  establ i shed  for  the  s tructure  o f  the  model :  l inear

programming model, mixed integer linear programming model, and nonlinear

programming model, in that order. Thus, the approach taken assumed a linear

programming structure and proceeded to determine if  that structure could

accommodate the physical and biological processes associated with fish life-

cycles and with the management of water resources in the Columbia River

Basin. This  required  deve lop ing  a l l  the  re lat ionships  in  the  model  to

determine if  they were l inear. For  those  re lat ionships  that  were  not  l inear ,

i t  required  spec i fy ing  the  assumpt ions  that  were  necessary  to  l inear ize  the

(nonl inear )  re lat ionships  or  to  e l iminate  the  nonl inear  re lat ionships

al together . In  those  cases  where  i t  was  not  poss ib le  to  l inear ize  a

part i cu lar  nonl inear  re lat ionship , consideration was given next to the use of

integer  var iab les  to  e l iminate  that  nonl inear  re lat ionship . The use of

nonlinear programming was considered only as a last resort.

The least-cost model developed in this chapter is described by “module.”

A  module  for  th is  purpose  i s  de f ined  as  a  set  o f  ac t iv i t ies  per forming

simi lar  funct ions . There are seven modules in all . The first three modules

pertain to the hydrosystem. They are called “storage”,  “hydropower”,  and

“ i r r i g a t i o n ” ,  r e s p e c t i v e l y . The last four modules concern the fish life-

cyc le  and f i sh  migrat ion . They are called “smol t product ion”, “smol t

migrat ion” , “ocean harvest and survival”,  and “upstream migration of adults,”

r e s p e c t i v e l y . The last four modules depend to a large extent on the outputs

the  re lat ionship between theo f  t h e  f i r s t  three . A conceptual diagram of
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f i sh  l i f e - cyc le  and  the  f i sh  product ion  and migrat ion  modules  i s  prov ided  in

Figure  3 .2 .

The modules are organized functionally rather than geographically. As a

r e s u l t , individual dams and individual impoundments in the basin may be

included in more than one module, and a particular module may include several

dams and several impoundments. For example, the  smelts  descr ibed  in  the

smolt migration module will  traverse a number of  different dams and

impoundments along their way to the estuary; therefore,  that module will

include several dams and several impoundments.

The rationale for organizing the model functionally rather than

geographica l ly  i s  that  i t  i s  poss ib le  to  construct  gener ic  modules  that  can

be applied to more than one structure. For example, the form of the model

used for irrigation water withdrawal is the same regardless of  where the

withdrawal occurs in the basin. While withdrawals at Grand Coulee may be

vast ly  larger  than those  on  smal l  t r ibutar ies , they are modelled in much the

same way ,  ad just ing  coe f f i c ients  as  needed  to  a l low for  features  o f

part i cular  withdrawal  s i tes . Simi lar ly , the  s tructure  o f  the  model  for

hydroe lectr i c  product ion  at  the  d i f ferent  run-o f - the -r iver  dams is  the  same

regardless of  the dam, and so hydropower also has its own module.

In  addi t ion  to  be ing  d iv ided  funct ional ly  into  modules ,  the  least - cost

model  i s  a lso  d iv ided  temporal ly  into  t ime  per iods . The overall  time horizon

for  the  model  i s  f i f teen  years ,  f or  the  fo l lowing  reasons . I t  i s  wel l -known

that many runs, espec ia l ly  those  o f  wi ld  upstream stocks ,  are  severe ly

d e p l e t e d  i n  c o m p a r i s o n  t o  t h e i r  h i s t o r i c a l  l e v e l s  f o r t y  t o  f i f t y  y e a r s  a g o .

Because of  the many obstacles they face, inc luding  habi tat  l imitat ions  for

spawning and rearing, downstream passage of smelts,  ocean harvest,

andupstream passage of potential spawners, i t  seems probable  that  i t  wi l l

take  severa l  generat ions  for  runs  o f  these  s tocks  to  return  to  acceptable

l e v e l s . Therefore, i n  p r i n c i p l e  a t  l e a s t , i t  i s  n e c e s s a r y  t o  m o d e l  t h e  l i f e

c y c l e  o f  s t o c k s  f o r  a t  l e a s t  t w o  t o  t h r e e  g e n e r a t i o n s ,  o f  t h r e e  t o  f i v e  y e a r s

each (from spawning to returning adult spawners),  in order to identify the
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management  act iv i t ies  and  the  leve ls  o f  those  act iv i t ies  that  wi l l  be  needed

over  the  next  severa l  years  to  return  s tocks  to  acceptable  leve ls .  As

discussed in the next chapter, th is  poses  a  cons iderable  chal lenge  for

existing mathematical programming algorithms and computers,  although it is a

problem that may be solvable by the use of  advanced operations research

techniques.

The  f i f teen  year  t ime  hor izon  in  the  model  i s  d iv ided  equal ly  into

f i f t e e n  y e a r s .  Each year is further divided into twelve months.  T h i s  l e v e l

o f  d isaggregat ion  i s  needed  in  order  to  re f lec t  temporal  var iab i l i ty  in  the

h y d r o l o g i c  c y c l e , in  the  demands  for  e lec tr i c i ty  and for  i rr igat ion  water ,  in

storage  requirements  at  the  s torage  reservo irs , a n d  i n  salmonid  l i f e  c y c l e s

and migration. While it  might be desirable from a computational perspective

to collapse the model into fewer years and fewer “months” per year,  reducing

the  temporal  reso lut ion  wi l l  invar iably  reduce  the  accuracy  o f  the  resul ts .

This  i s  d iscussed  in  more  deta i l  in  the  next  chapter .

Although the seven modules are described in more detail  below, a brief

synops is  o f  each  module  i s  presented  in  th is  introduct ion .  The seven modules

are divided into two groups.  The first group is called the hydrosystem

group. This group includes three modules.  The second group is called the

fish production and migration group. This group comprises four modules.

The hydrosystem group includes the storage, hydropower, and irrigation

modules. The storage module manages storage and monthly releases at the

major storage dams. This  module  i s  respons ib le  for  regulat ing  f lows  in  the

sys tern, sub ject  to  constra ints  on  reservo ir  l eve ls  for  f l ood  contro l  and

recreat ion .  The hydropower module produces electricity at the dams in the

bas in  with  s igni f i cant  generat ing  capac i ty , using existing turbines and

generators .  This  module  i s  a lso  subject  to  constra ints ,  in  th is  case  on  the

hydraul i c  and  e lectr i ca l  generat ing  capac i t ies  o f  the  turb ines  and generators

a t  t h e  v a r i o u s  g e n e r a t i n g  f a c i l i t i e s .  The irrigation module manages the

in .  Thewithdrawal  o f  i r r iga tion water at various withdrawal sites in the bas
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i r r igat ion  module  i s  sub ject  to  constra ints  on  the  phys ica l  capac i t ies  o f

installed equipment.

The fish production and migration group includes the smolt production,

smolt migration, ocean harvest and survival, and upstream migration of adults

modules. The smolt production module uses returning adult spawners and

rear ing  habi tat  (e i ther  natural  habi tat  or  hatchery  habi tat )  to  produce

smolts.  Water is needed both at proper times and in proper quantities for

th is  s tage  o f  the  sa lmonids ’  f reshwater  l i fe  cyc le ,  as  i t  i s  for  subsequent

s t a g e s  o f  t h e  c y c l e .  The water requirements for smolt production, for

reasons that will  be explained below, are  handled  indirect ly  as  part  o f  the

habitat needs.  The smolt migration module “transports” smolts downstream,

from the locations where they are reared to the estuary below Bonneville Dam.

After the smolts arrive at the estuary below Bonneville Dam, they are

“ transferred” to the ocean harvest and survival module.  This module,

deve loped  in  another  part  o f  the  pro jec t  ( see  part  I I I )  descr ibes  the  growth ,

natural  mortal i ty , and ocean harvest of  salmon while they are in the ocean.

The upstream migration of adults module accepts the survivors that escape the

ocean and transports them to their respective spawning grounds where,  in the

smolt production module, they  lay  and fer t i l i ze  eggs .  In this module,  adult

fish are subjected to in-river harvest and both natural and dam induced

mortal i ty .  The adults of  most species die after spawning.

OVERVIEW OF MODEL

An example is presented in this section to i l lustrate how the modular

structure  i s  used  to  descr ibe  the  l i fe  cyc le  o f  an  actual  s tock .  For  th is

example, a  d idact i c  reg ion  conta in ing  two  s torage  dams,  two  run-o f - the -r iver

dams, two  i rr igat ion  withdrawal  s i tes , and two salmonid  stocks has been

constructed .  This region is shown in the map in Figure 3.3.  The stocks are

assumed to mingle in the ocean, so  that  the  ocean f i shery  i s  a  mixed-stock

f i s h e r y , and their downstream and upstream migration periods are assumed to

over lap .  A further assumption is that all  four dams in the didactic region
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have  s igni f i cant  hydroe lectr i c  generat ing  capac i ty , and that all  the dams are

p a r t  o f  t h e  s a m e  e l e c t r i c i t y  d i s t r i b u t i o n  g r i d .  Management activities are

included in the modules for each month of  the fi fteen year planning horizon,

with  the  except ion  o f  the  i rr igat ion  module ,  as  th is  module  “operatesW  only

during the summer irrigation season.

The storage module contains the management activities at the two storage

dams in  the  d idact i c  reg ion  that  perta in  to  s torage  and re leases ,  and  to

storage  and re lease  regulat ions  ( ru le  curves ) .  These  act iv i t ies  inc lude

tracking the inflows to each reservoir from upstream dams and unregulated

t r i b u t a r i e s , the reservoir levels at each dam to ensure that storage

reservo irs  do  not  over f low and that  there  i s  suf f i c ient  s torage  capac i ty

avai lab le  for  f l ood  contro l  in  appropr iate  months ,  and  the  quant i t ies  o f

water released each month.

The hydropower module includes all  activities related to hydropower

product ion  at  the  four  dams in  the  d idact i c  reg ion ,  inc luding  the  quant i t ies

of water that pass through the turbines and that f low over the spillways,  the

l e v e l s  o f  t h e  r e s e r v o i r s , and the amounts of  electricity generated, both at

particular dams and in total.  As shown in more detail below, power

product ion  i s  modelled d i f ferent ly  at  the  s torage  dams than i t  i s  a t  the  run-

of-the-river dams because at the storage dams the head varies from month to

month whereas at the run-of-the-river dams the head is assumed to be

constant.

The irrigation module includes the withdrawal of  irrigation water at

each  o f  the  two  i rr igat ion  withdrawal  s i tes  in  the  d idact i c  reg ion .

The smolt production module includes spawning and rearing for both the

wi ld  (natural )  s tocks  and the  hatchery  s tocks  in  the  d idact i c  reg ion .  The

inputs to this module include the number of  adult spawners returning via the

upstream migration of adults module (described below) and the amount of

spawning habitat. The outputs from this module are the number of smolts of
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each stock .  The  act iv i t ies  in  th is  module  are  descr ibed  by  s tock  to  permit

analyzing the impacts on individual stocks.

The smolt migration module involves a somewhat broader range of inputs.

They include smol ts “produced” in the smolt production module;  stream flows

(net of  irrigation water withdrawals) along the migration routes provided by

the storage module; and the proportion of  total  f low passing through the

turbines and over the spillway, at each dam encountered by each stock of

migrating smolts, from the hydropower module. The smolt migration module

inc ludes  smolt  co l lec t ion  and d ivers ion  s tructures  and other  t ransport

options such as trucking. The principal output of  the smolt production

module is the number of  smolts (of  each stock) arriving at the estuary below

the lower-most dam in the didactic region, a long  with  the  t iming  o f  the ir

a r r i v a l .

The ocean harvest module receives smolts from the smolt migration module

and accounts  for  f i sh  losses  in  the  ocean due  to  natural  morta l i ty  and  to

ocean harvest up to the point where adult f ish are ready to return to the

river to spawn. The ocean harvest module also accounts for economic gains to

the ocean fishing industry from ocean harvest.

The upstream migration of adults module receives survivors that escape

the ocean and return to the river to spawn, and routes them up the river past

the two run-of-the-river dams to their natural spawning grounds or

hatcher ies , subject to harvest at each of  two locations and to natural and

dam induced mortality. The returning adult f ish become available to the

smolt production module as adult spawners. The map in Figure 3.3 also shows

how the various modules relate to geographic features of  the didactic region.

As mentioned above, the model is  divided temporally as well  as

funct ional ly .  The model extends over a f i fteen year period,  tracking

hydrosystem operat ions  and  the  l i f e  cyc le  o f  salmonid  on  a  monthly  bas is  for

each  year  o f  the  f i f teen  year  per iod .  While a monthly level of  temporal

r e s o l u t i o n  i n  t h e  l i f e  c y c l e  o f  f i s h  i s  n o t  n e e d e d  f o r  t h e  t w o  s t o c k s  i n  t h i s
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didactic example, i t  wi l l  be  needed  for  the  fu l l  s ca le  mode l  ( to  be  deve loped

in the next phase of  the project)  when 30 or more stocks are included, since

this  number  represents  a  wide  var iety  o f  salmonid  s tocks  and l i fe  cyc les

where  s igni f i cant  act iv i t ies  can  be  expected  to  occur  in  every  month  o f  the

year. Adul ts  o f  d i f ferent  s tocks  are  in  the  mainstem  r iver  a lmost

year-round, and although smolts migrate primarily in the spring, juveniles of

d i f ferent  s tocks  are  in  the  mainstem r iver  in  a l l  months ;  hence ,  they  are

subject  to  var iat ions  in  s tream f low year -round.  While it  would be desirable

from a computational perspective to keep the model as small  as possible,

there  are  t rade-o f f s  between model  s i ze  and  the  probabi l i ty  o f  ident i fy ing

least-cost management strategies that need to be considered.

The remainder of  this chapter is devoted to describing the seven modules

d iscussed  br ie f ly  above .  Chapter 4 addresses the computational problems that

may ar ise  as  a  resul t  o f  the  large  s ize .  I t  a lso  d iscusses  approaches  to

coping with large model size, including reducing the size of  the model (by

aggregat ing  act iv i t ies ) ,  decompos ing  the  model  into  parts  that  can  be  so lved

sequentially rather than simultaneously, and using super computers for large

models.

The  least - cost  model  descr ibed  in  th is  chapter  i s  based  on  theoret i ca l

and empir i ca l  re lat ionships  der ived  in  part  f rom the  resul ts  o f  on-go ing  or

recently completed research in the Pacific Northwest and in part from the

f i sher ies  s imulat ion  model  deve loped  in  another  part  o f  th is  pro jec t  (Lee ,

1987).  Although the relationships used in developing the least-cost model

seem reasonable based on the information that was available,  it  is  not known

for  certa in  that  they  are  the  best  representat ions  avai lab le  o f  the  t rue

re lat ionships .

DESCRIPTION OF THE HYDROSYSTEM MODULES

The least-cost model is  divided into seven modules,  as described above.

The first three modules--storage, hydropower, and  i rr igat ion- -perta in  to  the

water resources of  the Columbia River system. These three modules are
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d e s c r i b e d  i n  t h i s  s e c t i o n .  The  last  four  modules  perta in  to  f i sh  l i f e

c y c l e s .  They are described in the next major section.

The description of  each of  the hydrosystem modules is organized around

seven sect ions :

0 Introduction (to each module).

0 Inputs required from other modules.

0 Outputs prepared for other modules.

0 Constraints on levels of  the management and state variables in the

module.

0 Mathematical relationships in the module.

0 Costs  o f  f i sh  mit igat ion  a l ternat ives , including the opportunity

costs  o f  nonstructural  a l ternat ives  such  as  increased  s tream f lows

and modification of harvest management practices for adult f ish.

0 Assumptions required to structure the model as a linear programming

(LP) model or as a mixed-integer LP model.

The descriptions of  modules in this section concentrate mainly on the

re lat ionships  among act iv i t ies  that  occur  within  the  same t ime per iod  ( i . e . ,

month). Interactions across time periods are not given much attention. For

example,  the method used to track capital installed in one time period across

subsequent time periods is not discussed. Rather, the  d iscuss ions  focus  on

the methods used to incorporate what is known about hydrosystem operations

and salmonid l i fe  cyc les  with in  a  s ing le  t ime per iod .  The  rat ionale  for

focus ing  on  a  s ing le  t ime per iod  i s  that  the  s tructure  o f  the  least - cost

model is determined by the relationships among the management and state

variables in the same time period. The number of time periods in the model

a f f e c t  i t s  s i z e ,  b u t  n o t  i t s  s t r u c t u r e .

In the discussions of  the modules below, both intra (within) module and

inter (among) module transfers and interactions are indicated. T h e r e f o r e ,  i t

is necessary at this point to define some of the management and state

var iab les  used  in  the  least - cost  model .  The  inter--module var iab les  ( the
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inputs to and the outputs from the different modules) are l isted in Table

3 . 1 .  The intra-module variables are defined in the text as they are used in

the mathematical development. The three hydrosystem modules are described in

the  next  three  sect ions .

Storage Module

The first hydrosystem module is the storage module.  This module

descr ibes  the  operat ions  o f  the  pr inc ipal  s torage  reservo irs  in  the  U.S .

portion of  the Columbia River Basin.  (The storage reservoirs in the Canadian

port ion  o f  the  bas in  are  not  incorporated  in  the  least - cost  model ) .  These

storage  reservo irs  serve  a  number  o f  benef i c ia l  purposes ,  inc luding  the

prov is ion  o f  f la t -water  recreat ion , s torage  capac i ty  for  f l ood  contro l ,  and

both storage and (hydraulic)  head for the production of  hydropower.

The  impacts  o f  the  s torage  reservo irs  on  the  salmonid  populat ions  in  the

basin have been quite severe.  The impoundments have flooded many spawning

areas, slowed both downstream and upstream passage of migrating fish, and in

some cases blocked upstream passage of  salmonids altogether. The  ro le  o f

s torage  reservo irs  in  f low regulat ion  i s  g iven  cons iderable  at tent ion  in  the

deve lopment  o f  the  model  s ince  i t  i s  pr imari ly  in  th is  area  that

poss ib i l i t ies  for  mit igat ing  the ir  impact  on  f i sh  populat ions  ex is t .

Storage dams and their impoundments are modelled as variable-head

reservoirs whose principal purpose is to generate hydropower and to regulate

f lows  to  the  f ree - f lowing  reaches  and  run-o f - the -r iver  reservo irs  downstream

from them,  sub ject  to  constra ints  on  the ir  operat ions  for  f l ood  contro l  and

f o r  f l a t - w a t e r  r e c r e a t i o n .

Inputs.  There are two principal inputs to the storage module:  monthly

inflows from unregulated tributaries and monthly inflows from storage

reservo irs  upstream o f  the  reservo ir  in  quest ion .  In  addi t ion , s ince  s torage

reservoirs have a large storage capacity relative to mean monthly inflows and

11-3-16



Table  3 .1 .  Definitions of  Inter-Module Variables

Variable Def in i t ion  o f  Var iab le

Hydrosystem Variables

E
i , t

QSi  t,

QGi t,

QTi t,

OFi tI

RIF
i,t

UIFi t
f

TFi tt

IRWi t
9

IRRi t
7

E lectr i c i ty  produced  at  dam i ,  in  t ime per iod  t ,  in  kilowatt-
hours (KWH)

Flow over  sp i l lway  at  dam i ,  t ime per iod  t ,  in  cubic  feet  per
second (CFS)

Flow through turbines  (used  for  e lec tr i ca l  generat ion)  at  dam i ,
time period t,  in CFS

Total f low past dam i,  t ime period t,  in CFS

(QT i , t = QSi  t + QGi t>
f ,

Tota l  out f low f rom storage  reservo ir  i ,  t ime per iod  t ,  in  acre-
feet (AF)

Regulated  in f low to  run-o f - the -r iver  reservo ir  i ,  t ime  per iod  t ,
in AF

Unregulated  in f low to  run-o f - the -r iver  reservo ir  i ,  t ime  per iod
t, in AF

T o t a l  r i v e r  f l o w ,  l o c a t i o n  i ,  t i m e  p e r i o d  t ,  i n  A F

(TFi t = RIFi t + UIFi t)
, , ,

I r r igat ion  water  withdrawal  at  s i te  i ,  t ime per iod  t ,  in  AF

Irr igat ion  water  return  f l o w  a t  s i t e  i ,  t i m e  p e r i o d  t , in AF.

Fish Migration Variables

ADS i,t,s Adult  spawners ,  l ocat ion  i ,  t ime  per iod  t ,  spec ies  s, in  number
o f  f i s h .

ADR
i,t,s

A d u l t s  r e t u r n i n g  t o  e s t u a r y ,  l o c a t i o n  i ,  t i m e  pel-iod  t ,  s p e c i e s
s ,  in  number  o f  f i sh .

SMOLTi  t s S m o l t s ,  l o c a t i o n  i ,  t i m e  p e r i o d  t ,  s p e c i e s  s ,  i n  n u m b e r  o f
, 7 smolts.
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out f lows , the level of  storage at the end of  the previous month is also an

input.

outputs. The output from the storage module is a regulated outflow.

This outflow is computed as the monthly inflow to the reservoir net of

changes in storage and of evaporation and rainfall  in that month. The change

in storage in a particular month can be positive or negative.

Constraints. The  s torage  reservo irs  operate  under  a  set  o f  constra ints .

These  constra ints  are  o f  two  types - -phys ica l  and  operat ional . The physical

constraints are based on the physical characteristics of  the dams and on the

topographic configuration of their impoundments. They include the maximum

and minimum capacities of  the reservoirs, and  the  hydraul i c  capac i t ies  o f  the

turbines ,  d ivers ion  channels ,  and sp i l lways . The  phys ica l  constra ints  are

assumed to be the same for all  t ime periods in the model. The operational

constra ints  are  usual ly  re ferred  to  as  “ rule  curves” .

The  ru le  curves  for  a  part i cu lar  reservo ir  re f lec t  t radeof fs  and

compromises between the various competing uses of the impoundment, as noted

above. For example, the  r i sk  o f  f l ood ing could be minimized if  the

reservoirs were empty much of the year except when the natural unregulated

flow would result in f looding downstream. During these periods of  high flow,

the  reservo irs  would  be  used  to  s tore  the  excess  in f lows ,  permit t ing  out f lows

only to the extent that they would not cause flooding downstream. Following

the  f lood  season  (which  occurs  in  the  late  spr ing) ,  the  s tored  f lood  f lows

would be released gradually over the next several months so that the

reservo irs  would  be  empty  (at  the  leve l  o f  dead  s torage )  pr ior  to  the  f l ood

season  the  fo l lowing  spr ing .

I n  c o n t r a s t  t o  f l o o d  c o n t r o l , the best management practice for f lat-water

recreation would be to maintain reservoirs at approximately the same level

year-round. This would eliminate excessively high water levels,  mud fiats,

and other impediments to recreation caused by fluctuations in reservoir

l e v e l s . For hydropower production it  might be best to maintain reservoil-
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l eve ls  as  h igh  as  poss ib le  at  a l l  t imes  s ince  hydropower  generat ion  i s

proportional to the product of  the f low through the turbines and the

hydraul i c  head  ( the  d i f ference  in  e levat ion  between the  sur face  o f  the

reservo ir  and  the  sur face  o f  the  ta i l -water , o r  t h e  c e n t e r  l i n e  o f  t h e

turbine) . Note  that  th is  would  be  s tr i c t ly  t rue  only  for  turb ines  des igned

to operate most efficiently at maximum head , and there were a market for all

the power generated.

In the f irst phase of  model development, the  ex is t ing  reservo ir  ru le

curves will  be taken as given. In later phases of  model development,  the

rule  curves  wi l l  be  re laxed  to  permit  explor ing  t rade-o f f s  between

improvements in fish runs and reductions in some of the benefits the rule

curves  were  or ig inal ly  des igned  to  prov ide , such as an assured supply of

f l o o d  c o n t r o l  c a p a c i t y . From a computational perspective, this means

changing the minimum and maximum target flows and target storage levels

spec i f ied  by  the  ex is t ing  ru le  curves  at  the  expense  o f  increas ing  the  r i sk

and magnitude of floods that the rule curves were designed to mitigate.

Thus, the  operat ional  constra ints  in  the  model  wi l l  be  re laxed  in  order  to

a l l o w  i t  g r e a t e r  l a t i t u d e  i n  i d e n t i f y i n g  l e a s t - c o s t  m i t i g a t i o n  s t r a t e g i e s  f o r

increas ing  f i sh  runs .

Mathematical Relationships. The principal function of  the storage module

is to regulate the monthly outflows and storage levels at the major storage

dams in the Columbia River Basin. The following equation expresses the mass

balance of  water entering and leaving the reservoir in a particular month.

S i,t
= s i ,  t - l

+ RIF i ( 3 - l )t
t + UIFi t - EVAPi  t - OFi t

, , ,

where S i,t = s torage  in  reservo ir  i  a t  the  end  o f  t ime  per iod

t, in  acre - feet  (AF) ;

RIFi t = tota l  regulated  in f low to  reservo ir  i  f rom
3

upstl-earn  s t o r a g e  r e s e r v o i r s  i n  t i m e  p e r i o d  t, i n

AF;
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UIFi t = tota l  unregulated  in f low to  reservo ir  i  f rom
,

unregulated  tr ibutar ies  in  t ime per iod  t ,  in  AF;

EVAP, += tota l  evaporat ion  at  reservo ir  i  dur ing  t ime

per iod  t ,  in  AF;

OFi t = tota l  out f low f rom reservo ir  i  in  t
f

in AF.

ime p e r,iod t ,

There  are  severa l  constra ints  on  the  operat ion  o f  s torage  reservo irs ,

some re f lect ing  phys ica l  l imitat ions , o thers  re f lec t ing  operat ing

c h a r a c t e r i s t i c s  ( r u l e  c u r v e s ) . T h e  f i r s t  s e t  o f  c o n s t r a i n t s  p e r t a i n s  t o

storage requirements and capacities.

S i t 5 SCAPi ( 3 - 2 )f

where SCAPi is the maximum capacity of reservoir i . For  the  f i rs t  phase  o f

model development where the rule curves will  be taken as given.

S i
,

t > STARMINi  t
,

where

S i t < STARMAXi t ( 3 - 3 )9 ,

STARMINi  t = minimum target storage level in reservoir i  at
,

the end of  time period t ,  in AF;

STARMAXi t = maximum target storage level in reservoir i  at
,

the end of  time period t ,  in AF.

Finally,  for both the first and subsequent phases of  model development,

where

OFi t
5 OFMAXi ( 3 - 4 )

,

OFMAXi  = maximum permissible combined total outflow through the

turb ines  and  over  the  sp i l lway  for  f l ood  contro l .
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For  a  set  o f  act iv i t ies  that  contro ls  much o f  what  happens  in  the  least-

cost model, the  constra int  set  for  the  s torage  reservo irs  i s  qui te  compact .

As will  be seen from the descriptions of  the other modules,  however,  the

regulated  out f lows  f rom the  s torage  reservo irs  are  the  pr inc ipa l  inputs  to

some of the other modules, and it  is  in these modules that some of the

compl icat ions  ar ise .

costs. There are no costs in the storage module.  No mitigation

s t r u c t u r e s  a r e  “ b u i l t ” in this module and there are no increases in the costs

o f  operat ing  the  reservo irs .  However, there are “opportuni ty  costs ”

assoc iated  with  re lax ing  the  ru le  curves  that  are  not  re f lec ted  in  the  model

or  analys is .  These  inc lude  losses  caused  by  f l oods  and  losses  to  recreat ion

d u e  t o  f l u c t u a t i o n s  i n  r e s e r v o i r  l e v e l s .

Assumptions Required for Linear Program. No assumption is required to

permit incorporating this module within an LP framework. As shown by Eqs.

( 3 - l )  t h r o u g h  (3-4), the mass balance relationship and all  the constraining

re lat ionships  are  l inear .  The only assumption of  note concerns the choice of

a monthly time step for the inflows and outflows, for changes in storage, and

for  the  constra ints  on  reservo ir  leve ls .  This time step does not capture

variations in the system of shorter duration than one month.

Hydropower Module

The hydropower module includes the major dams in the U.S. portion of the

Columbia River Basin that have significant hydroelectric generating capacity.

There are two types of  hydroelectric dams. One  type  i s  the  run-o f - the -r iver

dams. This  type  i s  character ized  by  a  f ixed  head  and ins igni f i cant  s torage

capac i ty .  The other type is the storage dams. This  type  i s  character ized  by

a  var iab le  head  and s igni f i cant  s torage  capac i ty .  These two types of dams

a r e  modelled d i f f e r e n t l y  b e c a u s e  o f  d i f f e r e n c e s in the treatment of  head.

Head is an important factor in determining the amount of  electricity

generated for a given flow through the turbines and in one type of  dam the

head varies from month to month and in the other type it does not.
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Inputs.  Each dam in the hydropower module requires inputs of monthly

f lows .  In  the  case  o f  the  var iab le -head  s torage  reservo irs ,  these  f l ows  are

“provided” by the storage module. In  the  case  o f  the  run-o f - the -r iver  dams,

the inflow is the sum of the flows from the dams immediately upstream plus

the  f lows  f rom a l l  the  intervening  unregulated  tr ibutar ies ,  l ess  evaporat ion .

There may be more than one upstream dam if the run-of-the-river dam in

question is the f irst dam below the confluence of  two major regulated

t r i b u t a r i e s .

outputs.  The outputs from the hydropower module are the amounts of

e l e c t r i c i t y  g e n e r a t e d , both for each dam and in total for the region, and the

flows at each dam through the turbines,  over the spillways, and in total.

The flows over the spillways, whi le  not  important  to  e lec tr i c i ty  product ion

per  se ,- - are important for the downriver migration of smolts.

Constraints.  The hydropower module operates under several sets of

constraints .  The first set concerns the maximum electricity generating

capacity at each dam. This  i s  the  maximum capac i ty  o f  the  generators .  I t

cannot be exceeded due to physical l imitations.  The second set of

constraints concerns the maximum hydraulic capacity of the turbines (the

maximum flow possible through the turbines). The  last  set  o f  constra ints

involves the minimum electricity requirements,  or firm power. In the

analys is , either there will be a constraint on the minimum amount of

e lec tr i c i ty  produced  in  the  reg ion  each  month  or  there  wi l l  be  constra ints  on

the minimum amount of electricity produced at each dam.

Mathematical Relationships. The  pr inc ipal  act iv i ty  in  th is  module

concerns the amount of electricity produced at each dam each month. The

constraints involve minimum and maximum limits on the generation of

e l e c t r i c i t y , both  at  part i cu lar  dams and in  tota l  for  the  reg ion .  There  are

also mass-balance relationships to ensure that the inputs of  water equal the

outputs.
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The f i rs t  re lat ionship  concerns  the  generat ion  o f  e lec tr i c i ty .  This may

be expressed as the product of  the f low through the turbines and the head.

E
i , t = Ki t * QGi t * Hi t (3-5)1 t ,

where E i,t = to ta l  amount  o f  e lec tr i c i ty  generated  at  dam i ,  t ime  per iod

t, in KWH

QGi t = f low through the turbines at dam i,  t ime period t,  in CFS
f

H i , t =  hydraul i c  head  at  dam i ,  t ime  per iod  t ,  in  feet

Ki t = c o n v e r s i o n  f a c t o r ,  r e s e r v o i r  i ,  t i m e  p e r i o d  t ,  r e f l e c t i n g
,

the  e f f i c ienc ies  o f  both  the  turb ines  and  generators .

For  the  run-o f - the-r iver  dams,  Hi t i s  assumed to  be  a  constant .
,

Expressed mathematically,

H
i,t

= H;

*
where H

i represents the f ixed head at dam i.

For  the  s torage  dams,  Hi t wi l l  vary , but  i t  wi l l  be  constra ined  by  the
,

rule  curves .

H i
1

t 5 HMAX.
1 (3-e)

and H i t > HMINi (3-7)1

where HMAXi = maximum hydraulic head at dam i due to rule curve

constraints , if  any, or to the maximum level of  the

reservo ir .

and HMINi = minimum hydraulic head at dam i due to rule curve

c o n s t r a i n t s ,  i f  a n y .
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Note  that  Eq .  (3 -5 )  invo lves  the  product  o f  two  dec is ion  var iab les ,  f l ow

(QG) and head (H), for storage dams. For LP and mixed integer LP models,

multiplicative terms are not permitted. In  order  to  avo id  mult ip l i cat ive

terms, i t  i s  necessary  to  formulate  “d iscrete”  integer  va lues  for  H t’
One

way o f  do ing  th is  i s  to  d iv ide  H.
1,t

and S
i , t

into N intervals where

N
H

i , t
= CHi t n

n=l ’ ’

(J-8)

(j-9)

and where S
i , t , n

= s t o r a g e  i n t e r v a l  n  a t  r e s e r v o i r  i  i n  t i m e  p e r i o d  t ,  i n

AF. (The  d iv is ion  o f  the  act ive  s torage  into  d iscrete

interva ls  i s  needed  in  order  to  d iv ide  the  head  into

corresponding  d iscrete  intervals . )

H
i , t , n

= hydraul i c  head  interval  n  at  reservo ir  i  in  t ime per iod

t, i n  f e e t .

S
i , t

= t o t a l  a c t i v e  s t o r a g e  a t  r e s e r v o i r  i  i n  t i m e  p e r i o d  t ,  i n

AF.

H
i , t

= t o t a l  h y d r a u l i c  h e a d  a t  r e s e r v o i r  i  i n  t i m e  p e r i o d  t ,  i n

f e e t .

Next, relate H i , t , n to s i t n based on the topography of  the land under

the impoundment and the volume’o; storage.

H
i,  t ,n

= b  *Sitni,n
(3-10 )

1 ,

w h e r e  bi n re lates  s torage  interval  n  to  head  interval  n .

is >0 if’and only if Si t n > 0.

Note that Hi t n

Since  f rom Eq.  (3 -9 )  the  to ta l  head  iH
,

equal  to  the  sum o f  the’i;tervals, the  generat ion  o f  e lec tr i c i ty  may be

expressed as

E
i , t

= K i
,

t * QG.
11 t

* H.
11 t,n

(3 -11 )
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This  wi l l  require  N d i f ferent  generat ing  act iv i t ies  for  each  s torage

reservoir where the head “chosen” for the generation of hydropower depends

upon the “ interval ”  o f  s torage  in  that  month. This  requires  the  use  o f

integer variables and integer programming. The portion of  the mixed integer

LP tableau used for the generation of  hydropower at the variable head storage

reservo irs  i s  shown in  Table  3 .2 .

There are several constraints in the hydropower module. I n  t h e  f i r s t

phase of model development, the  to ta l  amount  o f  e lec tr i c i ty  generated  in  the

system is assumed to be constrained. This may be expressed as

I
C Ei t > ETt (3 -12 )

i=l '

where ET
t = t o t a l  e l e c t r i c i t y  r e q u i r e d  i n  t h e  g r i d  ( o r  r e g i o n )  i n  t i m e  p e r i o d

t, in KWH. Note that this constraint allows the model to choose the dams

where  the  e lec tr i c i ty  wi l l  be  generated . In subsequent phases of model

deve lopment ,  g iven  pr ices  for  e lec tr i c i ty ,  the  constra int  on  the  tota l

e lec tr i c i ty  generated  wi l l  be  reduced  to  cover  on ly  the  base  load  and  the

e lec tr i c i ty  produced  over  and  above  the  base  load  wi l l  be  “pr i ced”  in  the

o b j e c t i v e  f u n c t i o n . These equations are not shown.

The remaining constraints in the hydropower module involve the maximum

flow through the  turbines  in  t ime per iod  t .  The  f i rs t  constra int  ensures

that the flow through the turbines, QG, does not exceed the total  f low past

the dam, QT.

QGi t ( QTi t (3 -13 )
f f

The second constraint ensures that the flow through the turbines does not

exceed the maximum hydraulic capacity.

QGi  t1
5 QGMAXi
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Table  3 .2 . The Mixed Integer Linear Programming Tableau Used for the
Generation of Hydropower at the Variable Head Storage Reservoirs

Rows Columns

Row Name

Column

Q t o t

FLOWROW +l

STORROW 0

TURBROW 0

HROWl 0

HROW2 0

ELECROW 0

HTOT 0

D e f i n i t i o n s :

Columns:

Q tot
Q s t o r
Q tu
Q

q-1
HCOLl

HCOL2

GENl

GEN2

Rows:

FLOWROW

STORROW

TURBROW

Q Qstor tu

-1 -1

+s 1 O
0 +l

0 0

0 0

0 0

0 0

Q
sP

-1

0

0

0

0

0

0

ST t - l

0

+l

0

0

0

0

0

HCOLl HCOL2 GENl GEN2

0 0

-c1 -c2
0 0

+lO
6

0

0 +lO 6

0 0

+l +1

0

0

- 1

- 1

0

+K 1
0

RHS

0 =o

0 >o-
- 1 >o-
0 >o-
- 1 >o-
+K2 - >o

0 <l-

= T o t a l  i n f l o w ,  c f s

= Change in storage, AF

= Outf low through turbines ,  c f s

= Out f low over  sp i l lway ,  c f s

= Storage level from previous month, AF

= Integer (0,l) variable,  1 i f  and only if  STORROW can be > 0

= Integer (0,l) variable,  1 i f  and only if  STORROW can be > 0

= Generat ing  act iv i ty  1

= Generat ing  act iv i ty  2

= Inflow summing row, constrained to be equal to 0

= Storage summing row, constrained to be greater than 0

= Turbine flow summing row, constrained to be equal to 0

HROWl,  HROW2 = Summing rows for head/generation column linkages

ELECROW = Electricity production summing row

11-3-26



Table 3.2 Continued

HTOT = Constraint row to ensure that HCOLl and HCOL2 do not operate

simultaneously

Non-Zero  coe f f i c ients  not  equal  to  +  1 :-

s1 = R e l a t e s  f l o w s  ( i n  c f s )  t o  s t o r a g e  ( i n  A F ) ,  i n  A F / c f s

c1’c2 = Relates  head  ( in  feet )  to  s torage  ( in  AF) ,  in  feet /AF

K1’K2 = re lates  power  generat ion  ( in  MW) to  f l ows ,  in  c f s ,  in  MW/cfs

lo6 = These  “ large” coe f f i c ients  are  chosen  to  prov ide  “ capac i ty”

for the generation activities,  GENl and GEN2.

Note  that  Cl < C2 and K1 < K2. The result is that although HCOL2 requires

more storage (and hence a higher head) to operate than does HCOLl,  GEN2 will

produce  more  e lec tr i c i ty  per  uni t  o f  f l ow than wi l l  GENl, s ince  K2 i s  greater

than K1 ’
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where QGMAXi  represents the maximum hydraulic capacity of the turbines at dam

1, in CFS.

costs. There are no costs in this module other than the “opportunity

c o s t s ” assoc iated  with  the  e lec tr i c i ty  product ion  foregone ,  but  these  costs

are  potent ia l ly  very  h igh . The costs of passage enhancement for downstream

smolt migration and upstream adults migration are included in the respective

fish migration modules discussed below.

Assumptions Required for Linear Program. The hydropower module requires

the use of  integer variables and a number of  simplifying assumptions to

permit incorporating it  within an LP framework. The integer variables are

required at the variable head storage dams to permit treating the hydraulic

head as a constant rather than as a variable,  and thus to eliminate the

product  o f  two  var iab les  in  the  cost  (ob jec t ive )  funct ion . The assumptions

made are summarized below.

0 Constant (f ixed) head at the run-of-the-river dams.

0 Variable head at the storage dams.

0 Eff i c ienc ies  o f  turb ines  and  generators  at  both  the  f ixed  and

variable-head dams do not vary with flow or head. (The

c o e f f i c i e n t ,  Ki t, i n  E q . (3 -5 )  can  be  spec i f i ed  by  t ime  per iods  to

a l l o w  f o r  chang;s i n  e f f i c i e n c y . )

0 No change in the design or capacities of  dams, turbines,  or

generators during the study period.

0 Suf f i c ient ly  accurate  resul ts  can  be  obta ined  us ing  integer

var iab les  for  the  head- f low re lat ionships  descr ibed  above .

Irrigation Module

Irrigation water withdrawals also cause problems for salmonids due to

the ir  e f fec ts  on  the  quant i t ies  and t iming  o f  s tream f lows . The impacts on

salmonids are included in the fish production and migration modules described

below.
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The i rr igat ion  module  i s  concerned  pr inc ipal ly  with  the  e f fec ts  on  s tream

f lows  o f  water  withdrawals  for  i rr igat ion . I n  p r i n c i p l e  t h e  i r r i g a t i o n

module would include one set of  management activities for each of  the major

i r r i g a t i o n  d i v e r s i o n s , for each time period in the model. However, since

i r r i g a t i o n  i s  a  s e a s o n a l  a c t i v i t y , i t  i s  not  necessary  to  incorporate

irr igat ion  act iv i t ies  in  the  module  for  months  in  which  l i t t le  or  no

irr igat ion  actual ly  takes  p lace .

Inputs. There are two principal inputs to the irrigation module. The

f i rs t  input  i s  the  s tream f low at  the  i rr igat ion  water  withdrawal  s i tes .  The

second input  i s  the e lectr i c i ty  used  to  pump irr igat ion  water . While

e lec tr i c i ty  i s  not  needed  for  the  pump stat ions  powered  by  d iese l  or  gaso l ine

engines, present  understanding  i s  that  the  major  i rr igat ion  s i tes  use

e l e c t r i c i t y  a n d  t h a t  t h i s  u s a g e  i s  a  s i g n i f i c a n t  p o r t i o n  o f  t h e  t o t a l

hydropower generating capacity in the basin, on  the  order  o f  10  percent  o f

the  tota l  e lec tr i c i ty  generated  annual ly .

outputs. The principal outputs of  the irrigation module are the

quantities and timing of irrigation water withdrawals,  the quantities and

timing of electricity consumed in those withdrawals,  and the impacts on

stream flows.

Mathematical Relationships. The  pr inc ipal  act iv i ty  in  the  module  i s  the

withdrawal  o f  i r r igat ion  water  to  meet  i rr igat ion  needs . The  i rr igat ion

water “requirements” are constrained and the “demands” are priced.

The energy and electricity requirements for irrigation water withdrawals

are expressed next. The energy required to withdraw the water from the river

may be expressed as

ERSi  t = I<1  * Hl * IRW
9 i,t i,t

The amount of  electricity required for this may be expressed as
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IRELECi  t
I = bi * ERSi  t,

( 3 -16 )

where

ERSi  t
9

=  theoret i ca l  energy  required  at  wi thdrawal  s i te  i  in  t ime per iod

t  to  pump i rr igat ion  water  at  a  f ixed  hydraul i c  head  (Hl) for

subsequent  d is tr ibut ion ,  in  foot -pounds .

IRWi t = quantity of  irrigation water withdrawn from the river at
,

l ocat ion  i  in  t ime per iod  t ,  in  AF.

H1i t = hydraul i c  head  at  wi thdrawal  s i te  i  in  t ime per iod  t ,  in  feet .
,

(This  i s  a  parameter  in  the  analys is ,  not  a  var iable . )

Kl =  fac tor  used  to  convert  acre - feet  o f  water  to  pounds  o f  water .

IRELECi  t= e lectr i c i ty  required  to  pump irr igat ion  water  ( inc ludes  the
,

efficiencies of pumps and motors), in KWH.

b i =  coe f f i c ient  used  to  convert  theoret i ca l  energy  in  foot -pounds

to the amount of electricity consumed, in KWH. This

coe f f i c ient  inc ludes  the  e f f i c ienc ies  o f  the  pumps  and motors .

Note  that  th is  coe f f i c ient  may be  zero  ( for  d iese l  or  gaso l ine

powered pumps).

There  are  several  constra ints  in  the  i rr igat ion  module . F i r s t ,  t h e

tota l  e lec tr i c i ty  used  for  pumping  i rr igat ion  water  must  be  less  than the

tota l  produced  in  the  reg ion .

M N
C IRELECi  t 5 C Ei t

i=l , i=l ’
(3 -17 )

where M is the number of irrigation water withdrawal sites in the model and N

is the number of hydroelectric dams in the model.
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The irrigation water withdrawal at each site cannot exceed the capacity

o f  the  i rr igat ion  pumps.

IRWi t
,

< IRMAXi (3 -18 )

where  IRMAXi  = capacity of  pumps at withdrawal site i ,  in AF

The irrigation water withdrawal at each site cannot exceed total f low in

t h e  r i v e r  a t  t h a t  l o c a t i o n .

IRWi t 5 TF.
f 1,t

For the first phase of  model development,  the irrigation water

withdrawals are constrained to be met. This may be expressed as

IRWi t
,

= IRDEMi  t
,

( 3 -19 )

(3 -20 )

where IRDEM
i , t

represents  the  i rr igat ion  requirement  at  wi thdrawal  s i te  i  in

time period t,  in AF.

In subsequent phases of  model development,  the irrigation water

withdrawal  wi l l  be  constra ined ,  but  i t  wi l l  a lso  be  pr i ced . Using the

notation above, this may be expressed as

IRDEMi  t = IROLDi  t - IRRIGHTi  t (3 -21 )
, 7 9

IRCOSTi  t = IRRIGHTi  t * Ci t (3 -22 )
, t 9

where,

IROLDi  t = original irrigation water withdrawal,  in AF.

IRRGHT ’
i , t  =

water  r ights  purchased  fl-om  irr igat ion ,  in  AF.

IRCOST
i,t

= tota l  cost  o f  i r r igat ion  water  r ights  purchased ,  in  dollaL-s.

C
i,t

= p r i c e  o f  irl-igation  w a t e r  r i g h t s  a t  w i t h d r a w a l  s i t e  i  i n

time period t , in dollars per AF.
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costs. The only  cost  in  th is  module  i s  the  “opportuni ty  cost ”

associated with withdrawing water from irrigation to increase instream flows

f o r  f i s h .

Assumptions Required for Linear Program. No assumption is required to

permit incorporating this module within an LP framework. As shown by Eqs.

(3 -17)  through (3-22), the mass balance relationships and constraints are all

l i n e a r . The main assumption in this module is that return flows from

i r r i g a t i o n  a r e  n o t  s i g n i f i c a n t . I f  t h i s  p r o v e s  t o  b e  i n c o r r e c t ,  i t  i s

relatively easy to include them in an LP structure. The only potential

problem is that the return flows may occur far downstream from the

withdrawals and perhaps also in a later time period. Although this may

affect model accuracy (if  the timing and amounts of  return flows are not

known precisely), i t  has  no  e f fec t  on  model  s tructure .

This concludes the description of the three hydrosystem modules. The

next section describes the four fish production and migration modules.

DESCRIPTION OF THE FISH PRODUCTION AND MIGRATION MODULES

The four fish production and migration modules are described in this

s e c t i o n . These include the smolt production module,  the smolt migration

module, the ocean harvest and survival module, and the upstream migration of

adults module. The relationship between these four modules and the f ish l i fe

cyc le  i s  shown schematica l ly  in  Figure  3 .2 .

Smolt Production Module

The smolt production module includes a number of functions.

S p e c i f i c a l l y , i t  inc ludes  the  spawning  o f  returning  adults ,  the  hatching  o f

eggs l the  product ion  o f  f ry , and the production of  smolts,  at both the

hatcheries and the natural spawning and rearing areas in the basin. The same

model structure can be used for both, a l though the  va lues  o f  the  coe f f i c ients

in  the  model  wi l l  vary  great ly . Var iat ions  in  coe f f i c ients  in  the  model
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account  for  such  factors  as  the  vast ly  h igher  product iv i ty  o f  spawners  at

hatcher ies  and the  fact  that  hatcher ies  incur  capi ta l  and  operat ing  costs  not

associated with existing natural spawning and rearing areas.  The  ro le  o f

instream f lows  i s  a lso  d i f ferent  for  the  two  types  o f  smol t  product ion  s ince

natural spawning and rearing areas depend directly on instream flows and

hatcher ies  depend only  indirect ly  on  instream f lows .  Hatcher ies  prov ide  a

more controlled environment in which spawning and rearing takes place.  As

with the hydrosystem modules described above, the smolt production module has

a  set  o f  ac t iv i t ies  for  each  spawning  and rear ing  area ,  for  each  t ime per iod

in the model. In  addi t ion , the smolt production module is further

disaggregated into species which may spawn simultaneously at the same

l o c a t i o n .  For purposes of  this model, t h e  i d e n t i f i c a t i o n  o f  f i s h  b y  s p e c i e s ,

hatchery or natural production, spawning location, and spawning time (month)

i s  s u f f i c i e n t  t o  i d e n t i f y  a  p a r t i c u l a r  s t o c k .  T h a t  i s  t h e  l e v e l  o f

reso lut ion  here .  Note that the relationships between spawning, f low, and

habitat are not well  understood, and the equations outlined here should be

viewed as tentative and subject to change as more information becomes

a v a i l a b l e .

The functional relationships in the smolt production module are more

complex than those in the hydrosystem module. For this reason they are

d i s c u s s e d  i n  d e t a i l  i n  t h i s  i n t r o d u c t i o n .  This  d iscuss ion  i s  not  intended  to

be a comprehensive survey of the many models and studies of smolt production

in the Pacific Northwest.  Rather it  is  an overview of material  needed to

understand the  part i cu lar  funct ional  re lat ionships  chosen  to  descr ibe  smolt

product ion  in  the  least - cost  model .

The smolt production module “produces” two outputs for each stock in the

model. These outputs are the number of eggs and the number of smolts. Fo I.-

purposes of  this model, eggs  are  de f ined  to  be  v iab le  fer t i l i zed  eggs ;  smol ts

are defined to be immature salmonids L-eady  to begin their downstream

migration to the ocean. T h i s  d e f i n i t i o n  o f  “smelt”  i s  n o t  u n i v e r s a l l y

accepted  among f i sher ies  b io log is ts , but  i t  wi l l  serve  for  purposes  o f  the
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l east - cost  model . Smolts produced in this module are passed to the smolt

migration module described later.

Egg Production. The production of  eggs may be expressed as a function of

two variables, the number of adult spawners and the spawning habitat.

EGGS = f (ADS, HAB) (3 -23 )

where,

EGGS = Number of eggs produced by a given stock.

ADS = Number of returning adult spawners.

HAB = Available spawning habitat

The spawning habitat is described in more detail  below.

Two simplifying assumptions are made for purposes of the model. F i r s t ,

the  spawning  habi tat  i s  not  a  l imit ing  factor  for  the  s tocks  in  the  reg ion .

(Currently, there are not enough adult spawners to use up all  the available

spawning areas in most subbasins.) Second,  for  a  g iven  s tock ,  the  average

number of  eggs produced per adult spawner is a constant so that the total

number of eggs produced may be expressed as a linear function of the number

of adult spawners. By assumption the spawning habitat is not l imiting.

There fore ,  Eq .  (3 -23)  may be  s impl i f i ed  to

EGGS = f (ADS) (3 -24 )

The assumption of a constant number of eggs produced per adult spawner leads

to  the  fo l lowing  l inear  express ion  for  the  product ion  o f  eggs .

EGGS = c * ADS (3 -25 )

where EGGS and ADS are defined above and “c” i s  a  s t o c k - s p e c i f i c  c o n s t a n t

expressed in number of eggs per adult spawner.

Smolt Production. The equation for the production of  smolts can be

deve loped  in  a  s imi lar  fashion . The number of  smolts produced is a function
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of the number of  viable eggs, E q .  (3-25),  a n d  t h e  a v a i l a b i l i t y  o f  s u i t a b l e

rear ing  habi tat . (The  de f in i t ion  o f  rear ing  habi tat  i s  prov ided  be low. ) .

Unlike spawning habitat which is assumed not to be constraining, rearing

habi tat  i s  assumed to  be  a  potent ia l  l imit ing  factor  in  the  product ion  o f

smolts. Therefore, i t  i s  inc luded  in  the  equat ion  for  smolt  product ion .

The  avai lab i l i ty  o f  rear ing  habi tat  i s  assumed to  be  a  funct ion  o f  two

var iables , stream flow and the quantity of  “substrate”. Stream f low is  se l f

explanatory. Substrate includes such things as stream bed composition,

vegetat ion ,  cover ,  and  food  supply . The  concept  o f  substrate  i s  de l iberate ly

le f t  qui te  general  s ince  improvements  in  factors  a f fec t ing  avai lab le  rear ing

habi tat  (o ther  than s tream f low)  are  spec i f i c  to  part i cu lar  spawning  s i tes

and stocks. Because  the  avai lab i l i ty  o f  rear ing  habi tat  can  be  a  l imit ing

factor  in  smolt  product ion , the  model  inc ludes  act iv i t ies  to  expand i t  both

by increasing regulated flows (where rearing occurs at sites affected by dams

in the hydrosystem module) and by additions to the “substrate”.

Before continuing with the development of  a mathematical expression for

the production of  smolts, a complication needs to be mentioned. The

production of  smolts from eggs is assumed to follow what economists refer to

as declining economies of  scale with respect to eggs,  assuming the

a v a i l a b i l i t y  o f  h a b i t a t  i s  f i x e d . F i s h e r i e s  b i o l o g i s t s  u s u a l l y  c a l l  t h i s  a

Beverton-Holt curve. The shape of this function is shown in Figure 3.4.

While this shape is relatively easy to accommodate in a l inear program, an

explanat ion  o f  i t s  impl i cat ions  i s  necessary .

The most important implication of  the shape of  the relationship shown in

Figure  3 .4 , in  contrast  to  egg  product ion ,  i s  i t  i s  nonl inear  g iven  a

constant amount of rearing habitat. The  reason  for  th is  i s  the  fo l lowing .

As the rearing habitat becomes more crowded, i t s  a b i l i t y  t o  s u p p o r t  t h e

” las t ‘I egg from hatching through to smoltif ication is reduced due to

compet i t ion  for  scarce  resources ,  such  as  food  and covel-. This means that

there is an absolute uppe IlY, t o  t h e  number-  o fr bound, approached asymptotica

11-3-35



Number
o f

Smoltz

C

0
Number of Eggs

Figure  3 .4 . Relationship Between the Number of Eggs and the Number of
Smolts Produced

11-3-36



smolts that can be produced in a given amount of  rearing habitat regardless

of the number of  eggs available.

This relationship can be expressed mathematically as:

SMOLTS = f (EGGS, HAB) (3 -26 )

where SMOLTS = number of smolts produced.

EGGS = number of eggs available (from Eq. (3-25)).

HAB = quant i ty  o f  rear ing  habi tat  avai lab le .

For purposes of  this development, a  uni t  o f  rear ing  habi tat  i s  de f ined  as  the

quantity of  habitat that can support the rearing of 1,000 smolts at maximum

carrying  capac i ty .

The  next  s tep  i s  to  incorporate  the  dec l in ing  marginal  product iv i ty  o f

eggs  in  the  smolt  product ion  re lat ionship ,  Eq .  (3 -26) . In  th is  deve lopment ,

i t  i s  assumed for  s impl i c i ty  that  a  f ixed  amount  o f  habi tat  i s  avai lab le ,  say

one unit. In the following development, this assumption is relaxed.

F i r s t , d iv ide  the  to ta l  number  o f  eggs  avai lab le  into  intervals ,  say

three, corresponding  to  three  leve ls  o f  dec l in ing  marginal  product iv i ty .

This is shown in Figure 3.3. The total number of eggs available may be

expressed as

EGGS = EGG + EGG1 2
+ EGG

3 (3 -27 )

where EGG., i=1,2,3,
1

represent the number of  eggs in the three productivity

i n t e r v a l s .

The three subgroups of eggs shown in Eq. (3 -27)  are  composed  o f  ident i ca l

eggs. They  are  d iv ided  in  th is  fashion  only  to  account  for  dec l in ing

marginal productivity due to crowding. The next step is to express the
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equation for the total number of  smelts  produced by these three groups of

eggs.

SMOLT = al * EGG1 + a2 * EGG2 + a3 * EGG3 (3 -28 )

where SMOLT and EGGi are defined above, and a i a r e  s c a l a r  c o e f f i c i e n t s  w i t h

u n i t s  o f  n u m b e r  o f  s m o l t s  p e r  e g g ,  w i t h  a l  > a2 > a3, a n d  ai 5 1 . 0 . This

equation defines a curve similar to that shown in Figure 3.3,  with two

intermediate  in f lec t ion  po ints . In  the  context  o f  the  least - cost  model ,  each

EGGi i n  E q .  ( 3 - 2 8 )  i s  a  s t a t e  v a r i a b l e  a n d  t h e  ai a r e  c o e f f i c i e n t s .

The  next  s tep  i s  to  account  for  the  “consumption”  o f  ex is t ing  rear ing

habi tat  (a t  zero  cost )  and  to  a l low for  the  addi t ion  o f  new rear ing  habi tat

( a t  a  c o s t ) . Note that because the existing habitat can be used at zero cost

i t  w i l l  b e  u s e d  f i r s t , that when new rearing habitat is added, each increment

o f  a d d i t i o n a l  h a b i t a t  w i l l  “ f i l l  u p ” f i rs t  wi th  the  most  product ive

increment and later with the less productive increments,  assuming that

s u f f i c i e n t  e g g s  a r e  a v a i l a b l e .

In  order  to  account  for  the  use  o f  rear ing  habi tat ,  i t  i s  perhaps  eas iest

to think of a certain amount of  habitat required to raise each increment of

e g g s  t o  smelts ( t h e  EGGi i n  E q .  ( 3 - 2 8 )  a b o v e ) . This may be expressed

mathematically as

HABUSEj = b; * EGG; + b; * EGG; + b; * EGG; (3 -29 )

where  HABUSE'  i s  the  port ion  o f  the  j th unit  o f  habi tat  that  i s  used ,  and  the

b!, are  coe f f i c ients  re lat ing  egg  rear ing  to  the  amount  o f  habi tat  used ,  in

units  o f  habi tat  per  egg . (Recal l  that  1  habi tat  uni t  i s  the  quant i ty

required to support 1,000 smelts at maximum carrying capacity.)  The EGGi are

defined above. N o t e  t h a t  i n  t h i s  c a s e ,  bl < b2 < b3, s i n c e  b y  a s s u m p t i o n  t h e

“ f i r s t ” increment of eggs has a smaller marginal impact on habitat than the

l a s t .
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There  is , o f  course , an upper l imit on the amount of  existing rearing

habi tat  that  i s  avai lab le . This may be expressed mathematically as

HABUSEj 1. 1 .O (3 -30 )

and

C HABUSEj 5 HABMAX (3-31)
j

where HABMAX is the maximum number of habitat units at a particular rearing

site,  or the maximum carrying capacity of that site divided by 1,000.

(By  de f in i t ion , this is the maximum carrying capacity for a particular

s t o c k ) .

The  avai lab i l i ty  o f  habi tat  uni ts  can  be  increased  by  such  act iv i t ies  as

removing impediments to passage and increasing stream flows to increase the

area  avai lab le  for  rear ing .

The mathematical relationships shown above can be extended to include new

addit ions  to  the  ex is t ing  habi tat . This is accomplished by adding the

s u p e r s c r i p t  “j” to the equations (as in Eqs. (3-29),  (3-30),  a n d  ( 3 - 3 1 )

above) to denote the habitat increment being referenced. Three equations

are  required  to  descr ibe  smolt  product ion  o f  a  part i cu lar  s tock . These three

equations are egg production, the  quant i ty  o f  rear ing  habi tat  avai lab le ,  and

smolt production. The  f i rs t  equat ion  descr ibes  egg  product ion . It was

developed above in the section on egg production.

EGGS = c * ADS (3 -25 )

where EGGS is the total number of eggs produced by a given stock, ADS is the

number of returning adult spawners, and c  i s  a  s tock-spec i f i c  constant

expressed in number of eggs per spawner.

The remaining equations concern rearing of fry to smolts. The next

equat ion  de f ines  the  egg  product iv i ty  increments  in  habi tat  uni t  j :
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EGGS’ = C EGG; (3 -32 )

i

where EGGS’ is the number of  eggs required to produce 1,000 smolts (at

maximum carrying capacity) in habitat unit j, and EGG?, is the number of eggs

in  product iv i ty  increment  i  and habi tat  uni t  j . The productivity increment

re fers  to  the  crowding  e f fec t  noted  above , and the habitat unit designates

which “unit” o f  habi tat  i s  be ing  used  for  product ion .

The next equation describes the number of  smelts  produced in habitat

increment j .

SMOLT’  = C a ! ,  *  EGG!
i

(3 -33 )

where SMOLT’  is number of smelts produced in habitat unit j  and a?, are

coe f f i c ients  expressed  in  number  o f  smelts per  egg . The EGG:  are defined

above.

The  next  equat ion  i s  used  to  descr ibe  the  port ion  o f  the  j th  habi tat  uni t

used  to  ra ise  smolts .

HABUSE’ = C b!, * EGG?,
i

(3 -34 )

where HABUSE’ is the portion of  the jth habitat unit used to raise eggs to

smelts  and  b!, are  coe f f i c ients  re lat ing  habi tat  use  to  the  number  o f  eggs .

This  equat ion  i s  ident ica l  to  Eq .  (3 -29) .

The next equation provides limits on the variable HABUSE’.

HABUSEj  5 1 .O (3 -35 )

The following equation ensu

exceed  the  to ta l  ava i lab le .

res tha t the number of  habitat units used does not
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C HABUSE’  5 HABMAX
j

(3 -36 )

This  equat ion  i s  ident i ca l  to  Eq .  (3 -31)  above .

As noted above, there are two principal components of  habitat,  stream

flow and quantity of  substrate. Continuing with the notation used above,

this may be expressed as follows:

HABMAX = C f (Substrate., Flowj)
j J

The following set of  equations show how this can be formulated for

inc lus ion  into  a  least - cost  model :

HABMAXj  = m i n  ( S U B .  ,  c .  *  Qj)
J J

(3 -37 )

(3 -38 )

where SUB.
J

= Substrate ,  habi tat  uni t  j

Qj
= F l o w  ( i n  c f s ) ,  h a b i t a t  u n i t  j

9
= c o e f f i c i e n t  i n  u n i t s  o f  h a b i t a t  p e r  u n i t  ( c f s )  o f  f l o w

Either  the  substrate  or  the  s tream f low can be  l imit ing  in  part i cu lar

s i t u a t i o n s . Both are management alternatives potentially available to

resource managers.

Inputs. This module has two principal inputs. They are returning adult

spawners and stream flows at the various rearing sites. The returning adults

are “produced” in the upstream migration of  adults module described below.

The stream flows are of  two types. One type (of  stream flow) is  exogenous to

the  least - cost  model . These flows occur on the unregulated tributaries and

are estimated from historic streamflow data provided by the U.S. Geological

Survey. The other type of  stream flow is endogenous to the least-cost model

and is an output of the hydrosystem modules described above. The provision

of new habitat through increases in “substrate” (natural spawning areas) and

through the construction of new and expanded hatcheries is included in this

module. I t  i s  d iscussed  in  more  deta i l  be low.
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outputs. There are three principal outputs of  this module. They are

smolts ready for input into the smelt migration module (described below),  new

and expanded natural rearing habitat, and new and expanded hatcheries.

Constraints. The only constraints in the smelt  production module are the

tota l  amounts  o f  habi tat  that  are  potent ia l ly  avai lab le  to  each  s tock ,

including possible new additions that can be “installed” by the model. For

the natural rearing areas, th is  i s  re lated  to  the  potent ia l  amount  o f

substrate available after removing obstructions,  improving streambeds, and

providing other improvements. For hatcheries, the maximum total available

habi tat  i s  l imited  by  the  avai lab le  water  and by  sui tab le  expansion  capac i ty .

Mathematical Relationships. The mathematical relationships for egg

production and smelt  production were developed in the introduction to the

smolt production module. This section extends the earlier development and

del ineates  the  constra ints  in  th is  part  o f  the  model . Some of the

mathematical relationships developed earlier are re-used here without a full

explanation. The equations developed below are primarily mass-balance

re lat ionships . The  notat ion  used  in  th is  sect ion  i s  general ly  cons is tent

with that used in the introduction to this module rather than the notation

scheme presented in Table 3.1. Because the development in this section

perta ins  to  part i cular  s tocks , for convenience the subscripts “i, t  ,s” in

Table 3.1 are not used.

T h e  f i r s t  s e t  o f  c o n s t r a i n t s ensures that the eggs used in producing

smelts  do not exceed the eggs produced by adult spawners.

M N
C C EGGUSE’  < c*ADS
j i

or

M N
C C EGGUSEiJ- c*ADS  5 0  ( 3 - 3 9 )
j i

where EGGUSE!  denotes the “use”  o f  eggs  to  produce  smolts ,  habi tat  uni t  j  ,

productivity increment i ,  in number of eggs; ADS is the number of returning
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adult  spawners  o f  a  part i cu lar  s tock ; c  i s  a  c o e f f i c i e n t  f o r  e g g  p r o d u c t i o n

by spawning adults, in number of  eggs produced per adult (See Eq. 3-25);  N is

the number of  productivity increments (See Eq. 3-32);  and M is the number of

habi tat  units .

i o n  i s  u s e d  t o  descr,ibe the  product ion  o f  smol ts  in  theA similar equat

j t h  h a b i t a t  u n i t .

i i
SMOLT! = a? * EGG’1 1 i

or in linear programming format

SMOLT!  - ai ** EGG; = 0 (3 -40 )

where  SMOLT!  represents  the  number  o f  smelts, habi tat  uni t  j ,  product iv i ty

increment i ,  and a’i are  coe f f i c ients  for  the  number  o f  smol ts  produced  per

egg ,  product iv i ty  increment  i ,  habi tat  unit  j .

Since both eggs and smolts are assumed to have the same characteristics

regardless of  the productivity increment or habitat unit that produces them,

the smolts can be added together to produce a total ,  the input needed for the

smolt migration module. This may be expressed as

MN
SMOLTOT = C C SMOLTj

j i i

or in linear programming format

MN
C c SMOLT;  - SMOLTOT = 0 (3 -41 )
j i

where SMOLTOT is the total number of smolts of  a particular stock available

to migrate downstream.
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The next  set  o f  constra ints  perta in  to  the  use  o f  rear ing  habi tat  in  the

product ion  o f  smelts. They are all  mass-balance relationships.

The  f i rs t  set  o f  re lat ionships  ensures  that  the  avai lab le  habi tat  wi l l

not be exceeded by the requirements for rearing. The jth unit of  habitat may

be  expressed ,  as  be fore ,  as

N j
HABUSEj = C bi * EGGJ:

1 (3 -34 )
i

where  HABUSE’  i s  the  port ion  o f  the  j th  uni t  o f  habi tat  that  i s  used ,  and  b!,

are  coe f f i c ients  re lat ing  egg  rear ing  to  the  amount  o f  habi tat  used ,  in  uni ts

o f  habi tat  per  egg ,  and  where  HABUSE’  5 1 .0  f rom Eq.  (3 -30) .

From Eq. (3-36),

C HABUSEj  5 HABMAX
j

and from Eq. (3-34),

N
C b; * EGG’i 5 HABMAX (3-42)
i

where HABMAX is the total rearing habitat available to a particular stock.

S ince  s tream f low is  one  o f  the  l imit ing  factors  for  rear ing  habi tat ,  the

next  equat ion  descr ibes  the  e f fec ts  o f  s t ream f low on  the  avai lab i l i ty  o f

rear ing  habi tat .

HABMAXQt  =  C ai *  QTi, t
i

(3 -43 )

where  HABMAXQt  i s  the  tota l  habi tat  avai lab le  to  a  part i cu lar  s tock  ( l imited

by  s treamflow rather  than substrate )  in  t ime per iod  t ,  QTi t i s  the  to ta l

f l o w  a t  l o c a t i o n  i  i n  t i m e  pel-iod  t  ( i n  C F S ) ,  a n d  a .  a r e  c:efficients  i n
1

units  o f  habi tat  per  un i t  o f  s tream f low. As shown in Eq. ( 3-43),  t h e  t o t a l

11-3-44



habi tat  used  for  rear ing  in  t ime per iod  t ,  C HABUSE’,  cannot  exceed  the  to ta l
J

h a b i t a t  a v a i l a b l e  i n  t i m e  p e r i o d  t ,  HABMAXQt,  o r

C HABUSEJ 5 HABMAXQt (3 -44 )
j

The  avai lab le  habi tat  i s  a lso  l imited  by  substrate  which  inc ludes  a

number of  factors such as the available food supply and cover. The next

equation ensures that the habitat used for rearing will  not exceed the

maximum avai lab le  habi tat  l imited  by  substrate .

E HABUSEJ  5 HABMAXSUB (3-45)
i

where HABUSE’  is defined above and HABMAXSUB is the total habitat available

to  a  part i cu lar  s tock  ( l imited  by  substrate  rather  than by  s treamflow)  in

t ime per iod  t . Note  that  because  o f  the  wide  var iety  o f  ac t iv i t ies  that  can

produce substrate, the HABMAXSUB activities can take on many forms depending

on the  spec i f i c  s i tuat ion  in  a  part i cu lar  area . This expression could be

disaggregated  i f  su f f i c ient  data  were  avai lab le  (as  i t  might  be  at

h a t c h e r i e s )  i n t o  f o o d ,  c o v e r , area of  stream bed for rearing, and so on.

Final ly , as noted above, there may be a physical upper l imit on the

to  a  g iven stock .amount  o f  rear ing  habi tat  potent ia l ly  avai lab le

HABMAXQ 5 HABCAP

HABMAXSUB < HABCAP (3 -46 )

where HABCAP is an exogenous phys

that can be produced.

i c a 1 upper 1.im i t  on  the  quant i ty  o f  habi tat

There  are  costs  assoc iated  with  the  addi t ion  o f  nev  habi tat  as  well as

with the operation and maintenance of  existing habitat. T h e  c o s t s  o f  ner.!

habitat may be expressed as
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M

t ‘j * HABUSEJ (3 -47 )

w h e r e  Cj i s  t h e  u n i t  c o s t  ( c a p i t a l ,  o p e r a t i n g , and maintenance) of  providing

and maintaining habitat unit j , and M is the total number of  habitat units

avai lab le  to  a  part i cu lar  s tock . Note that existing habitat has no

a s s o c i a t e d  c a p i t a l  c o s t s .

I t  may be  necessary  to  de f ine  some o f  the  habi tat  uni ts ,  HABUSE’,  as

integer variables to accommodate possible scale economies or to add

re lat ive ly  large  amounts  o f  habi tat  in  d iscrete  increments ,  as  in  removing

passage obstructions to large spawning and rearing areas.

The rearing of fry to smelts  often takes more than one month. I f  t h i s  i s

the case, i t  wi l l  be  necessary  to  prov ide  re lat ionships  for  the  “ carry -over”

from one month to the next. This  i s  a  s tra ight - forward  extens ion  o f  the

mathematical development above.

costs. The costs  in  th is  module  inc lude  the  costs  incurred  in

maintaining existing rearing habitat and in adding and maintaining new

rear ing  habi tat , inc luding  hatcher ies . Other  costs  inc lude  the  “opportuni ty

c o s t s ” involved in changing instream flow patterns to accommodate the rearing

o f  smelts.

Assumptions Required for Linear Program. The assumptions made to enable

the smolt production module to be developed as a mixed-integer LP model are

the  fo l lowing :

0 Linear relationship between the number of eggs produced and the

number of adult spawners.

0 Declining marginal productivity of  habitat as the number of smolts

per  uni t  o f  rear ing  habi tat  i s  increased .

I f  i t  deve lops  that  spawning  habi tat  i s  a lso  a  l imit ing  factor  ( in  addi t ion

to  rear ing  habi tat ) , i t  wi l l  be  necessary  to  deve lop  a  re lat ionship  between
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eggs and adult spawners similar to that for smolts and eggs.

Smolt Migration Module

The smolt migration module transports the smolts produced in the smolt

production module to the ocean, account ing  for  morta l i ty  in  transi t .

Smolts  face  three  k inds  o f  obstac les  a long  the ir  j ourney  to  the  ocean.

The first is the reservoirs they pass through along the mainstem  Columbia and

Snake Rivers. The second is the dams they pass through or around. The third

i s  t h e  i r r i g a t i o n  d i v e r s i o n s , or  i rr igat ion  withdrawal  s i tes .  I r r i g a t i o n

divers ions  have  two  k inds  o f  e f fec ts  on  smolts .  F irst ,  smolts can  get  drawn

i n t o  t h e  i r r i g a t i o n  i n t a k e s .  Second, withdrawals  for  i rr igat ion  resul t  in

reduced stream flows. These three obstacles are discussed in this module.

As with the other modules, the  focus  for  expos i tory  purposes  i s  on  a  s ing le

stock , a  s ing le  t ime per iod , and a  s ing le  locat ion .

Inputs.  The  smolt migrat ion  module  requires  four  pr inc ipal  inputs ,  three

from the hydrosystem modules and one from the fish production and migration

modules. The  f i rs t  input  i s  the  tota l  monthly  f low enter ing  each  reservo ir .

The second input is the amount of  water at each dam that is diverted through

the turbines and the amount that is diverted over the spillway. The third

input is the amount of  water withdrawn for irrigation at each withdrawal site

along the migration route.  The fourth input is the number of  smolts (of  each

stock) from the smolt production module.

outputs.  There are two principal outputs of  this module.  T h e  f i r s t

output is the total number of smolts entering the estuary. T h i s  t o t a l  i s

comprised of  those smolts arriving “naturally” under their own power and

those transported by barge or truck after being collected at upstream

col lect ion  and d ivers ion  s tructures .  The  second output  i s  the  insta l lat ion

of  new co l lec t ion  and d ivers ion  s tructures , and  the  use  o f  barges  OL- trucks .

or  both , to transport smelts downstream.

Constraints.  There are two types of  constraints in the module.  The

f i rs t  type  o f  constra int  i s  mass  balances .  The  second type  o f  constra int  i s
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upper  bounds  on  the  e f f i c iency  o f  t rave l l ing  screen  and other  co l lec t ion

apparatus  used  to  co l lec t  smolts  that  have  s tarted  into  the  turb ines .

Mathematical Relationships. The mathematical relationships in the module

will  be developed in the order presented above--passage through reservoirs,

passage through and around dams (and subsequent transport by truck or barge),

and passage past irrigation withdrawal sites.  Irrigation water withdrawal is

n o t  t r e a t e d  i n  d e t a i l .  The effect of  irrigation water withdrawals on

instream flows is handled in the hydrosystem modules.  The  e f fec t  o f  reduced

instream flows due to irrigation water withdrawals on smolt passage is

handled in this module.

The reservoir mortality portion of  the smolt migration module is based on

the fish simulation model developed by Lee (1987) in another part of  this

p r o j e c t .  That  model  t reats  smelts  as  “part i c les” w i t h  a  f i x e d  s t o c k - s p e c i f i c

probabi l i ty  o f  dy ing  with in  a  g iven  t ime per iod .  The fish simulation model

is used to estimate the average number of  smolts surviving passage through

each reservoir as a function of  the management variables under the control of

the  least - cost  model .  Thus, the relationship between the number of  smolts

surviving passage and the time of passage through the reservoir is

incorporated  in  the  least - cost  model .  The mathematical relationships used to

govern reservoir mortality are developed below.

The  probabi l i ty  o f  surv iv ing  passage  o f  a  part i cu lar  reservo ir  i s  a

function of the natural mortality rate and the residence time in the

r e s e r v o i r .  The relationship may be expressed in exponential  form as

p = emPtF (3 -48 )

where

P  = a v e r a g e  p r o b a b i l i t y  o f  s u r v i v i n g  t h e  r e s e r v o i r .

P = natural  morta l i ty  rate  o f  the  s tock ,  per  day .

tF = average  res idence  t ime o f  the  s tock  in  the  reservo ir ,  in  days .
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The natural mortality rate of  the stock, p,  is assumed to be a constant and

to be known prior to the analysis.

The  average  res idence  t ime o f  the  s tock  in  the  reservo ir  ( in  days )  i s

unknown prior to the analysis. It may be computed from the length of the

r e s e r v o i r , L ,  and  the  average  ve loc i ty  o f  the  smolts  t ravers ing  the

r e s e r v o i r ,  VF’ using the following expression

L
tF = T (3-49)

where t F i s  the  average  res idence  t ime o f  the  s tock  in  the  reservo ir  in  days ,

L  i s  the  length  o f  the  reservo ir  in  feet ,  and  VF is  the  average  ve loc i ty  o f

the  smolts  in  the  reservo ir  in  feet  per  day . The  length  o f  the  reservo ir  i s

known prior to the analysis, but  the  average  ve loc i ty  o f  the  smolts  i s  not .

The  ve loc i ty  o f  the  smol ts  in  the  reservo ir  i s  assumed to  be  proport ional

to  the  ve loc i ty  o f  the  water  in  the  “ channel ” (with in  the  reservo ir )  that  the

smolts  choose  to  swim in  in  travers ing  the  reservo ir . In  general ,  the

ve loc i ty  o f  the  water  in  the  reservo ir  i s  not  uni form ( the  same at  every

p o i n t  i n  t h e  r e s e r v o i r ) . Therefore, the  ve loc i ty  o f  the  water  in  the

particular channel that the smolts choose to swim in may not be known at the

t ime o f  the  analys is , part i cu lar ly  i f  f l ows  (and  thus  average  ve loc i t ies )  are

allowed to change. However, the average velocity of  the water in the

r e s e r v o i r  c a n  b e  c a l c u l a t e d  f a i r l y  e a s i l y , and  the  average  ve loc i ty  o f  the

smolts  in  the  reservo ir  can  be  re lated  to  that . This  i s  expressed  in  the

next equation.

VF = a VW (3-50)

where VW is  the  average  ve loc i ty  o f  the  water  in  the  reservo ir  in  feet  per

day, a  i s  an  empir i ca l  coe f f i c ient  re lat ing  the  average  ve loc i ty  o f  the

smolts  in  the  reservo ir  to  the  average  ve loc i ty  o f  the  water -  in  the

reservoir,  and V F
is defined above.
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There are two similar approaches to estimating the average velocity of

the  water  in  the  reservo ir . The  f i rs t  approach  invo lves  us ing  the  length  o f

the  reservo ir ,  L ,  the  vo lume o f  water  s tored  in  the  reservo ir ,  S, and  the

f low out  o f  the  reservo ir ,  Q ,  to  compute  the  ve loc i ty . All  three independent

variables are known at the time of the analysis. Using this approach, the

average velocity of  water in the reservoir may be developed from

where
V” = L

tW

S
+J = a

v -LQw- s

(3 -51 )

(3 -52 )

i ty  o f  water  in  the  reservo irFrom Eqs. (3-51) and (3-52),  the average veloc

may be expressed as

(3 -53 )

where
VW = a v e r a g e  v e l o c i t y  o f  w a t e r  i n  t h e  r e s e r v o i r ,  i n  f e e t  p e r

day.

L  = l e n g t h  o f  t h e  r e s e r v o i r ,  i n  f e e t .

tw = average  res idence  t ime o f  the  water  in  the  reservo ir ,  in

days.

S  =  vo lume o f  water  in  the  reservo ir ,  in  cubic  feet .

Q =  tota l  out f low f rom the  reservo ir ,  in  cubic  feet  per  day .

Eq .  (3 -53)  represents  the  average  ve loc i ty  o f  water  in  the  reservo ir .

Actual velocities may vary widely between the lower and upper layers of  the

r e s e r v o i r , as noted above. Actual water velocities may have a substantially

greater impact on the average smolt velocity than the average water velocity.

This  i s  an  empir i ca l  i ssue  that  needs  to  be  invest igated  as  part  o f  the  f i sh

simulation model development.
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The second approach to estimating the average velocity of  the water in

the  reservo ir  invo lves  us ing  the  average  cross -sect ional  area  o f  the

r e s e r v o i r ,  A , and the  f low through (or  out  o f )  the  reservo ir ,  Q . The

d i f f i c u l t y  w i t h  t h i s  a p p r o a c h  i s  i t  w i l l  b e  d i f f i c u l t  t o  e s t i m a t e  t h e  a v e r a g e

cross -sect ional  area  i f  i t  var ies  wide ly  a long  the  length  o f  the  reservo ir .

Using this approach, the average velocity of  the water in the reservoir may

be expressed as

VW = + (3-54)

where

Q  = t o t a l  o u t f l o w  f r o m  t h e  r e s e r v o i r ,  i n  c u b i c  f e e t  p e r  d a y .

A  = a v e r a g e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  r e s e r v o i r ,  i n  s q u a r e

f e e t .

The average cross-sectional area used to estimate the average water velocity

expressed  in  Eq .  (3 -54)  can  e i ther  be  the  to ta l  c ross -sect ional  area  o f  the

r e s e r v o i r  o r  t h e  “ e f f e c t i v e ”  c r o s s - s e c t i o n a l  a r e a .

The  “e f fec t ive”  cross -sect ional  area  i s  the  area  in  a  reservo ir  where  the

water  i s  actual ly  f lowing . It will  generally be somewhat less than the

t o t a l  c r o s s - s e c t i o n a l  a r e a , s ince  only  a  port ion  o f  the  water  in  a  large

reservoir will  actually be flowing with the remainder being more or less

stagnant. As  long  as  the  “e f fec t ive” cross -sect ional  area  i s  known pr ior  to

the  analys is , i t  can  be  a l lowed to  vary  with  f low without  a f fec t ing  the

abi l i ty  to  f i t  th is  funct ional  form into  a  mixed- integer  LP framework. Note

that  (3 -53)  and  (3 -54)  are  ident i ca l  i f  one  assumes  that  water  ve loc i ty  i s

the same throughout the reservoir.

The  probabi l i ty  o f  surv iv ing  passage  o f  a  part i cu lar  reservo ir ,  expressed

above  as  Eq .  (3-48), requires an estimate of  the average residence time of

t h e  smelts  i n  t h e  r e s e r v o i r  ( i n  d a y s ) . This residence time can be estimated

by one of  the methods described above or it  can be estimated from the fish

simulation model developed for this project by Lee (1987). Thus, the
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residence time of the smolts in the reservoirs may be expressed three ways.

The  f i rs t  express ion  i s

K1
% = Q

(3 -55 )

where Q is the total outflow from the reservoir and K 1 is  an  empir ica l

constant estimated directly from the fish simulation model developed by Lee

(1987).

The second expression is based on measurements of the volume of water

stored  in  the  reservo ir  and  the  to ta l  out f low f rom the  reservo ir ,  Eq .  (3 -49)

and  (3-53), and the relationship between the average velocity of  the smolts

in  the  reservo ir  and  the  average  ve loc i ty  o f  the  water  in  the  reservo ir ,  Eq .

( 3 - 5 0 ) .

tF
S

=aQ

K2
tF = Q (3-56)

where  Q is  the  to ta l  out f low f rom the  reservo ir ,  S i s  the  vo lume o f  water

stored  in  the  reservo ir ,  a  i s  an  empir i ca l  coe f f i c ient  de f ined  by  Eq .  (3-50),

and K2 is an empirical constant computed by dividing S by a.

The third expression is based on measurements of  the length of  the

r e s e r v o i r , t h e  t o t a l  c r o s s - s e c t i o n a l  a r e a  ( o r “ e f f e c t i v e ”  c r o s s - s e c t i o n a l

a r e a )  o f  t h e  r e s e r v o i r , and  the  to ta l  out f low f rom the  reservo ir ,  Eqs .  (3 -49)

and (3-54),  and the relationship between the average velocity of  the smolts

in  the  reservo ir  and  the  average  ve loc i ty  o f  the  water  in  the  reservo ir ,  Eq .

( 3 - 5 0 ) .

LA
tF = aQ

K3
tF = 0 (3-57)
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where, as  be fore ,  Q  i s  the  to ta l  out f low f rom the  reservo ir ,  L  i s  the  length

o f  t h e  r e s e r v o i r ,  A  i s  t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  r e s e r v o i r , a is an

empir i ca l  coe f f i c ient  de f ined  by  Eq .  (3-50),  and  K3 i s  an  empir ica l  constant

computed as LA/a.

Al l  three  express ions  for  the  average  res idence  t ime o f  the  smol ts  in  the

reservoir developed above,  Eqs. (3-55),  (3-56),  a n d  (3-57),  a r e  o f  t h e  s a m e

form for  purposes  o f  inc lus ion  in  the  least - cost  model .

S ince  for  the  f ixed-head  reservo irs  S , L, and A are all  constants and a is

empir i ca l ly  der ived , and since p is assumed to be constant and known for a

p a r t i c u l a r  s t o c k , the  probabi l i ty  o f  surv iv ing  passage  o f  a  part i cu lar

reservo ir ,  Eq .  (3-48),  may  be  expressed  as

p = ,-K/Q (3 -58 )

where K= pK
1’

K= pK
2 ’ or K=pK3  depending on the approach taken to estimate the

res idence  t ime o f  smolts  in  the  reservo ir ,  t .

Eq. (3-58) has both reasonable and desirable properties from the

perspect ive  o f  es t imat ing  the  probabi l i ty  o f  surv iva l . As Q increases,  P

approaches  1  in  the  l imit  o f  Q==J. As Q decreases,  P approaches zero in the

limit of  Q=O.

The  next  s tep  in  the  process  o f  deve lop ing  a  least - cost  model  i s  to  f i t

Eq. (3-58) into a mixed-integer LP framework. Although Eq. (3-58) has

des irab le  propert ies , including declining marginal impacts of increasing

f lows , the  funct ion  i s  nonl inear  with  respect  to  f l ow. This problem can be

handled in the model by dividing the flow into N intervals and using integer

v a r i a b l e s . I f  irrigation w a t e r  withdrarilals a l o n g  t h e  r e s e r v o i r  r e s u l t  i n

s igni f i cant  d i f ferences  between the  f l ow in  the  upstream port ion  o f  the

reservoir and the f low in the downstream portion of  the 1.eservoir  (near the

dam), it  may be necessary to divide the reservoir into two or more transvel-se
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s e c t i o n s . I f  t h i s  i s  n e c e s s a r y ,  a d d i t i o n a l  i n t e g e r  v a r i a b l e s  w i l l  b e

required.

The equations in this portion of  the model may be expressed as follows:

* * *
TFi t,

= QMAXl*Ql  +  QMAX2*QZ  +  .  .  .  +  QMAXN*QN (3 -59 )

where TF i t is  the total f low through reservoir i  in time period t  and QMAX.

are  the  “ integer”  f l ows  through the  reservo ir .
J

E q .  ( 3 - 5 9 )  d i v i d e s  t h e  t o t a l  f l o w ,  TFi t, i n t o  N  d i s c r e t e  i n t e r v a l s .  Qi

a r e  i n t e g e r  (0,l) v a r i a b l e s .

assoc iated  with  each  Qi,

QMAXj a r e  th; q u a n t i t i e s  o f  t o t a l  f l o w

with QMAX. 2 QMAX.
J J - 1 ’

The QMAXj (measured in cubic

feet  per  second)  are  constants .  Eq . (3 -59)  ensures  that  a l l  the  f l ow in  the

r e s e r v o i r  (TFi t) is  accounted  for  by  the  integer  var iab le . Thus, i f  a n y

i n t e g e r  variable,  8; =  1 ,  t h e  t o t a l  f l o w ,  TFi t ,
,

i s  e q u a l  t o  QMAXj  a n d  >

QMAX j _ 1 .

The  next  s tep  i s  to  establ i sh  a  constra int  that  ensures  that  only  one  o f

the  Qi takes on a non-zero value at a time.

N
C Q; 5 1
i

(3 -60 )
J

The different f lows corresponding to the N intervals are used to account

f o r  t h e  m o r t a l i t y  o f  smelts  i n  t h e  r e s e r v o i r . T h e  f i r s t  s t e p  i s  t o  c r e a t e  a

ser ies  o f  N “capac i ty” act iv i t ies  that  pass  the  smolts  through the  reservo ir

using the flow rates corresponding to the Q” provided above.
J

SMIGj = Q; * SMAX

or in linear programming format,

Q; * SMAX - SMIG. = 0
J

j = l,...,N
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where the Q; are from Eq. (3-59), and SMAX is the maximum number of smelts

expected  to  pass  reservo ir  i  in  t ime  per iod  t . SMIG j, defined below, are

used to “pass” smolts along in varying proportions depending on the total

f low through the  reservo ir .

N
SMOLTi  t

- ’ sMIGj  = O
(3 -62 )

, j

Eq. (3-62) ensures that smolts passed by the SMIG. equal the incoming smelts
J

( o f  a  p a r t i c u l a r  s t o c k ) , SMOLT
i,t.

The  next  s tep  i s  to  account  for  morta l i ty  in  the  reservo ir  (or  in  the

di f ferent  sec t ions  o f  the  reservo ir )  which  depends  on  the  average  res idence

t ime o f  the  smolts  in  the  1.eservoil-, and thus on the f low (See Eq. (3-58)) .

For those reservoirs that are divided into two or more transverse sections

fol- purposes  o f  analys is , new n o t a t i o n  i s  L-equired. The upper most section

is  des ignated  by  the  subscL-ipt  i , the next downstream section by the

subscr ipt  i+l, and  so  on .

Ilunibel  o f  smol ts

the nun;iiel~  of  smo

‘The Ilext exp!‘ession i s  a 71:a.s~ ba lance  equat ion  rhat ensures  that  the

entetming  t h e  ( i - l )
t I1

sect ion o f  t h e  Ireservoir  i s  e q u a l  t o

1  Is t h a t  sul-::icIe [tie iti1 secti o n  (oi t h e  r e s e r v o i r ) .

N
C SMIGj+  b.
i J

SMOLTi+l  t ~= (1

I.Jhere  t h e  b. al-e d e f i n e d  a s
J

bj = e
-(k/QMAXj)

(3 -63 )

(3 -64 )

and as such are the pL-oportion  of smelt:  5ur::i\liiig passage  o f  the I  C~CI  ,.oi,~.

T h e  “ k ”  tel-m i s  b o t h  s t o c k  a n d  L-eselvoiL- s p e c i f i c . as .slio:!n  al)o~.e  i n  Eqs.

(3-55),  (3-56),  a n d  (3-57), a n d  t h e  ~!~~lA):.  appL-oxiwa  tp.5 t h e  t o t a l  flo!!  tl11 n!tgh
.J

the  reservo ir . N o t e  t h a t  d u e  t o  t h e  integer  constLmaints  o n  t h e  (ii, only 012~

SMiGj  a c t u a l l y  Opel-ates  fol- e a c h  re.seL-vail  a n d  tillle  pel~iod. Note also t~lla  t



and where 

QT 
1, t = QSi t + QGi t (3-67) 

, , 

Note from Eqs. (3-65) and (3-66) that PSPi + PTU. = 1. Thus, the number of 1 
smolts passing diversion screens or through the turbines at dam i may be 

expressed as 

SMOLTTi = PTUi * SMOLTi (3-68) 

and the number of smolts passing over the spillway at dam i may be expressed 

as 

SMOLTSi = PSPi * SMOLTi (3-69) 

where 

SMOLTTi = number of smolts passing the turbines at dam i 

SMOLTSi = number of smolts passing the spillway at dam i 

SMOLTi = total number of smolts arriving at dam i. 

:Jhj!e tl1i.s is mathematically straightforward, Eqs. (3-68) and (3-69) are 

both nonlinear because of the proportion terms, PTUi and PSPi, and therefore 

rhe; C.;Illllr)t he ir-!fyoL-pot-ated in a lineal- programming framework. Moreover, 

they al-e rliffirlult to incorporate in a mixed-integer LP framework.. The 

reason for the di f f icul ty is that the expressions for the proportions of flow 

passing thr-nugh the tuL-bines and ovel- the spillway, PSP and PTIJ, are both 

non1 ineaL- fllnctions of tvo decisiotl vaL-iables, as shown in Eqs. (3-65) and 

(3-66) above. FoL- tuna tely , ho’wever, it is possible to re-use the integer 

val-iatjles cL-eated above for reservoir passage to approximate these 

PL--0~0~. t ions. 

The fiL-st step is to calculate the propel-tion of L:ateL~ that goes thl-ough 

the tnL-bines. The t.ot_al flor,~ thl-ougil the turbines at dam i may be expressed 

as the sum of the integel~ flol;rs. 
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and where

QT
1, t = QSi  t + QGi t (3 -67 )

, ,

Note  f rom Eqs .  (3 -65)  and  (3 -66)  that  PSPi +  PTU. = 1 .  Thus ,  the  number  o f
1

smolts passing diversion screens or through the turbines at dam i may be

expressed as

SMOLTTi  = PTUi * SMOLTi (3 -68 )

and the number of smolts passing over the spillway at dam i may be expressed

as

SMOLTSi  =  PSPi *  SMOLTi (3 -69 )

where

SMOLTTi  = number of smolts passing the turbines at dam i

SMOLTSi  = number of smolts passing the spillway at dam i

SMOLTi = total number of smolts arriving at dam i.

:Jhj!e tl1i.s is mathematically straightforward, Eqs. (3-68) and (3-69) are

both  nonl inear  because  o f  the  proport ion  terms,  PTUi and  PSPi, and  there fore

rhe; C.;Illllr)t he ir-!fyoL-pot-ated  in a lineal-  programming framework. Moreover,

they al-e rliffirlult to incorporate  in a mixed-integer LP framework.. The

reason for the di f f icul ty is  that  the  express ions  for  the  proport ions  o f  f l ow

passing thr-nugh  the  tuL-bines and  ovel- the  sp i l lway,  PSP and PTIJ,  are  both

non1 ineaL-  fllnctions  o f  tvo decisiotl  vaL-iables,  a s  s h o w n  i n  E q s . (3-65) and

(3-66) above. FoL- tuna tely , ho’wever, i t  i s  p o s s i b l e  t o  r e - u s e  t h e  i n t e g e r

val-iatjles  cL-eated above for reservoir passage to approximate these

PL--0~0~.  t  ions.

T h e  fiL-st  s t e p  i s  t o  c a l c u l a t e  the propel-tion  o f  L:ateL~  t h a t  g o e s  thl-ough

t h e  tnL-bines. T h e  t.ot_al  flor,~  thl-ougil the turbines at dam i may be expressed

a s  t h e  s u m  o f  t h e  integel~ flol;rs.
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N
QGi=  C Q; * QGE.

j J
(3 -70 )

where  QGi i s  the tota l  flow through the  turbines at  dam i  ( in  CFS) ,  QGE.
J

represents  a  set  o f  N flows through the  turbines ! also in CFS, and 01 are

i n t e g e r  (0. 1) variables. In the deve lopment  that  fo l lows ,  the  “1” subscr ipt

is dropped  for expos i  tory convenience. The p u r p o s e  o f  E q .  (3-70)  i s  t o

divide t h e  flow through the tur biness into  N discrete intervals  for  subsequent

u s e  in  ca l  u l a t i n g the p r  o p o r  tions; o f  total f l ow that  go  through the turbines

and t h a t  pass over t h e  spillway.

The next step  is .,r ‘> ca lculate  the proportion  o f  total f l o w  t h a t  p a s s e s

over the sp i l lway . This m a y  be calculated from the proportion t h a t  p a s s e s

through t h e  turbi  nes. a s  the s u m  o f  these t w o  proportions  i s  e q u a l  t o  1 . 0 .

Let  PERSPj b e  the prr:pc,; tiono f  total f l o w  t h a t  p a s s e s  o v e r  t h e  spillway

corresponding t o t h e  p r o p o r t i o n  of total  flow t h a t  p a s s e s  through t h e

turbines , (QGE . iQMAX.  ) .
J J

The mass balance for these proportions may be

expressed as

Q; * PERSPj +  Q; *  (QGEj/QMAXj)  = Q;* ( 1 . 0 ) j=l,...,N

F o r  0; = 1 ,  Eq .  (3 -71)  reduces  to

PERSPj +  (QGEj/QMAXj)  =  1 . 0

or in linear programming format,

PERSPj + (QGEj/QMAXj)  - 1 . 0  = 0

(3 -71 )

(3 -72 )

where Q?
J

are  the  integer  (0,l) var iab les  d iscussed  above  in  the  reservo ir

mortality section, QGE are the flows through the turbines defined above, and

QMAXj  a r e  t h e  t o t a l  f l o w s  t h r o u g h  t h e  L-eservoil- fol- e a c h  d i s c r e t e  inter-val  o f

f l o w  ( a l s o  u s e d  i n  t h e  r e s e r v o i r  rnol-tality  s e c t i o n ) . QMAXj a r e  c o n s t a n t s  i n

the  analys is . PERSPj are  the  proport ions  o f  water  go ing  over  the  sp i l lway

for  the  N intervals  o f  f l ow through the  turb ines .
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The set of  equations expressed above as Eqs. (3 -71)  and  (3 -72)  requires

an explanation since its meaning is not intuitively obvious and these

equat ions  are  essent ia l  f or  dr iv ing  the  equat ions  that  fo l low. T h e  f i r s t

th ing  to  note  f rom this  equat ion  set  i s  that  o f  the  N equat ions  only  one  wi l l

have a non-zero value for its corresponding PERSP.

The  reason  for  th is  i s  that  only  one  o f  the  Qy
J

for any given time period.

will  have a non-zero value,

due to the constraints placed upon them in the reservoir mortality section.

( S e e  E q .  ( 3 - 6 0 ) ) .  S i n c e  o n l y  o n e  Qy w i l l  b e  n o n - z e r o ,  o n l y  o n e  p a i r  o f  QGEj

and  PERSPj  can  be  non-zero  wi thout  v io lat ing  Eq .  (3 -71) . This is shown as

E q .  ( 3 - 7 2 ) .

The second thing to note from Eq. (3 -71)  i s  that  s ince  the  va lues  o f

QMAXj  are  known pr ior  to  the  analys is , none of  the equations are nonlinear
*

with respect to the three decision variables,  Q. ,  QGE.,  and PERSP.. Note

a lso  that  the  QMAXj corresponding  to  the  Qi
J J J

that  i s  operat ing  at  a  non-zero

value is approximately equal to the total f low past the dam, QT. Thus, the

objective of  defining the proportion of  water going over the spillway, PERSP.
J

as  a  s tr i c t ly  l inear  funct ion  o f  o ther  dec is ion  var iab les  has  been  achieved .

The next step is to use the PERSP. calculated above to “guide” the smolts
J

in proportion to the two principal f lows passing the dam. This  i s  done  in

the equations developed below. These equations are shown for a particular

stock  o f  migrat ing  smolts . They could be extended to multiple stocks passing

the same dam in the same time period if  it  were desirable to do so.

The  f i rs t  s tep  i s  to  sum the  PERSPj (on ly  one  o f  which  wi l l  be  non-zero ) .

This  wi l l  be  used  to  ca lcu late  the  proport ion  o f  smol ts  pass ing  over  the

spi l lway.

N M
C PERSP. -
j

C PERFORSMk  * bk > 0 .
J k

k=l,...,H (3-73)

M
C PERFORSMk  5 I
k
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where  PERSPj  i s  de f ined  above ,  PERFORSMk  are  integer  (0,l) var iables ,  and bk

i s  a  s e t  o f  c o e f f i c i e n t s  i n  t h e  r a n g e  o f  0 . 0 ,  0.1,0.2,....,1.0. Eq.  (3 -74)

is constrained to be equal to or less than 1 so that no more than one of  the

PERFORSMk  wi l l  take  on  a  non-zero  va lue .

As with equation set (3-71) above, equat ion  sets  (3 -73 )  and  (3 -74)  a l so

require an explanation. T h e  f i r s t  t e r m  o n  t h e  l e f t  s i d e  o f  E q .  (3-73),

C PERSP;, i s  the  to ta l  proport ion  o f  water  sp i l l ed . The second term on the

l e f t  s i d e , C PERFORSMk, is more complicated. PERFORSMk,  k=l,...,M, a r e

i n t e g e r  (0,l) v a r i a b l e s , only one of  which can be non-zero in a particular

time period. Their purpose, in  combinat ion  with  bk, i s  to  ca lculate  an

approximate integer equivalency of  the total proportion of  water going over

the spillway. This  proport ion  i s  used  subsequent ly  to  “guide”  smolts  over

the spillway and through the turbine intakes in the proper proportions as the

water. Thus ,  g iven a  range  for  bk ( f rom 0.0 to 1.0,  incremented by O.l),

t h e  t e r m  C PERFORSMk  * bk i n  E q . (3 -73)  approx imates  the  exact  sp i l l

proportion calculated in the1 PERSP..
J

I n  p a r t i c u l a r ,  bk f o r  t h e  s i n g l e  non-

zero PERFORSMk  is both the approximate proportion of  water going over the

spillway and the approximate proportion of  smolts going over the spillway.

This is used below to move the smolts in accordance with the assumption that

they move in proportion to the f lows.

Once a bk has been chosen that approximates the proportion of  water

s p i l l e d , the remainder of  the problem is essentially one of  accounting for

the  fate  o f  smol ts  v ia  a  ser ies  o f  mass -ba lance  equat ions . The equations

that  fo l low are  for  a  s ing le  s tock . The  f i rs t  s tep  i s  to  de f ine  another  set

of M variables, ck’ Let

Ck=l-bk k=l M, - * , ( 3 -75 )

where c k i s  the  proport ion  o f  smelts heading  toward  the  turb ines ,  s ince  b k i s

the proportion going over the spillway. T h e  s e t  o f  ck i s  c a l c u l a t e d  p r i o r  t o

the  analys is . They are used below in the “routing” equations.
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The next step is to account for the routes taken by the smolts through

(and around) the dam. The next equation is a mass-balance equation that

e n s u r e s  t h a t  a l l  t h e  s m o l t s  o f  a  p a r t i c u l a r  s t o c k  a r e  a c c o u n t e d  f o r .  I t

divides the smolts arriving at the dam into M intervals so that they can be

“channelled” through the  appropr iate  set  o f  migrat ion  act iv i t ies . In the

development below, the ‘Ii, t, s” subscr ipts  are  dropped  for  expos i tory

convenience.

M
SMOLTi  t = C SMi t k

1 k , ,

or in linear programming format,

M
SMOLTi  t - C SMi t k = 0

, k ”
(3-76)

where

SMOLTi t = the number of smolts passing dam i in time period t. (These
,

are the smolts from the reservoir migration section described

above. )

S M
i ,  t ,k

= the number of smolts at dam i in time period t in interval k.

T h e  c o e f f i c i e n t s  bk a n d  ck are  used  to  ca l cu late  the  proport ions  o f

smolts taking the different routes through and around the dam. Since only

one  se t  o f “k” activities can operate at any one time, this may be expressed

a s  f o l l o w s .

(PERFORSMk  * SMAX)  - SMk > 0 k=l,...,M (3-77)

w h e r e  PERFORSMk  a r e  i n t e g e r  (0,l) v a r i a b l e s ,  o n l y  o n e  o f  ldhich w i l l  b e

operat ing  at  a  non-zero  va lue  (See  Eq. 3-73),  SMAX is the maximum number of

smelts  expected to pass the dam (set to a very large number),  and SMk are the

number of smolts in the k
th integer interval passing the dam.
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The purpose  o f  Eq .  (3 -77)  i s  to  ensure  that  the  correct  proport ions  o f

smolts are chosen by the model to pass the spillway and the screens and

turbines. This equation set guarantees that the smolts will  use only the

equation where PERFORSM
k is  equal  to  one .

The next step is to move smolts over the spillway. The  fo l lowing  set  o f

mass balance equations describes the passage of  smolts over the spillway.

SMk  * bk = SMSPILLk k=l,....,M

or in linear programming format,

SMk  * bk - SMSPILLk  =  0 k=l ,....I M (3 -78 )

Equation set (3-78) ensures that the number of  smolts passing over the

s p i l l w a y ,  SMSPILLk, equals the total number of smolts approaching the dam,

SMk, mult ip l ied  by  the  proport ion  o f  water  sp i l l ed ,  bk.

The next set of  mass balance equations describes the passage of  smolts

through the turbines and diversion equipment.

SMk  *  ck =  SMTURBk k=l,....,M

OK in linear programming format,

SMk * ck - SMTURBk  = 0 k=l,. M. . . , (3 -79 )

This  equat ion  set  i s  s imi lar  to  Eq . (3-78) and ensures that the number of

smolts  enter ing  the  intake  o f  the  turbines , SMTURB
k ’ equals the total number

of smolts arriving at the dam, SM
k ’ mult ip l ied  by  the  pr-oportion  o f  water

pass ing  through the  turbines ,  ck.

The next two equations “regroup” the smolts that pass over the spillway

and through the  turb ines  v ia  the  integer  intervals  into  s ing le  quant i t ies

(numbers of smolts), one for the total number of  smolts passing over the
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spillway and the other for the total number of  smolts passing through the

turbines. This  i s  done  for  ease  in  account ing  for  morta l i ty  and other

management options. The first equation “regroups” the number of smolts

passing over the spillway.

M
C SMSPILLk  = SMSPILLT
k

or in linear programming format

M
C SMSPILLk - SMSPILLT = 0 (3 -80 )
k

where SMSPILLT is the total number of smolts passing the spillway. The next

equation “regroups” the number of smolts passing through the turbines.

M
C SMTURBk  = SMTURBT
k

or in linear programming format,

M
C SMTURBk  - SMTURBT = 0 (3 -81 )
k

where SMTURBT is the total number of smolts passing through the turbines.

The next step is to develop a relationship that describes the number of

smolts that survive passage of the dam. For  this , i t  i s  n e c e s s a r y  t o

distinguish between two types of  dams. Some dams have facil ities to assist

the  smolts  to  pass  i t ;  o thers  do  not . For dams with no bypass or collection

fac i l i t ies ,  pro ject ing  surv ival  i s  a  matter  o f  account ing  for  sp i l lway  and

turbine  morta l i ty  and grouping  the  surv ivors  into  a  s ing le  var iable  a f ter

they have arrived below the dam. This is expressed in the following mass

balance equation.

SMOLTi+l  t = SMSPILLT *d + SMTURBT * e
9

or in linear programming format,

11-3-63



SMSPILLT * d + SMTURBT * e - SMOLTi+l  t = 0 (3 -82 )
,

where SMSPILLT is the total number of smolts passing over the spillway, “d”

is  the  proport ion  o f  smolts  surv iv ing , SMTURBT is the total number of smolts

pass ing  through the  turbines ,  “err i s  the  proport ion  o f  those  surv iv ing ,  and

SMOLTi+l  t is the total number of smolts in time period t surviving the dam.
t

Eq .  (3 -82)  i s  adequate  i f  there  are  no  opt ions  in  the  model  f or

co l lec t ing  the  smolts  that  enter  the  turb ine  intakes  and e i ther  d ivert ing

them around the dam or collecting them and transporting them via barge or

truck to the estuary below Bonneville Dam.

I f  there  are  smolt  co l lec t ion  and bypass  fac i l i t ies  at  the  dam,  Eq .

(3 -82)  needs  to  be  expanded  to  inc lude  those  fac i l i t i es .  This  can  be

achieved by adding a smolt collection activity,  SMCOLLT, to the mass balance

equation.

SMOLTi+l  t = SMSPILLT * d + (l-g)* SMTURBT*e + SMCOLLT *f (3 -83 )
,

where SMCOLLT is the number of smolts collected on the screen at the approach

to the turbines and diverted around the dam, “g” i s  t h e  c o l l e c t i o n  e f f i c i e n c y

of  the  screens , and  ‘If” i s  the  proport ion  o f  those  surv iv ing ,  and  where

SMCOLLT = g*SMTURBT (3 -84 )

For use in the model, i t  i s  more  convenient  to  express  Eqs .  (3 -83)  and  (3 -84)

in linear programming format as

SMSPILLT*d + (l-g) * SMTURBT*e + SMCOLLT*f - SMOLTi+I  t = 0
,

g * SMTURBT - SMCOLLT = 0

(3 -85 )

(3 -86 )

w h e r e  SMOLTi+l  t is the number of smolts that survive passage of dam i.

Insta l lat ion  a;d operat ion  o f  d ivers ion  equipment  i s  s tra ight - forward , and is

so  i s  not  covered  here .

costs. The only costs in this module are those associated with the

i n s t a l l a t i o n  a n d  o p e r a t i o n  o f  smelt c o l l e c t i o n  a n d  b y p a s s  f a c i l i t i e s . There
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may also be “opportuni ty  costs ” associated with the hydropower and irrigation

diversions foregone in providing more water to assist smolts around dams and

on their downstream journey to the ocean, but these are reflected in the

hydropower and irrigation modules.

Assumptions Required for Linear Program. Smolt migration cannot be

incorporated directly into an LP format without using integer variables.

This requires making the assumption that approximating the behavior of  smolts

with a reasonable number of  integer variables will  be accurate enough to meet

the  goa ls  o f  the  least - cost  model l ing  e f for t . See Chapter 4 for a discussion

o f  t h e s e  i s s u e s .

Ocean Harvest and Survival Module

The ocean harvest and survival module is based on the ocean harvest

model developed by Norton (1987). This  model  i s  d iscussed  in  deta i l  in  a

separate  part  ( see  part  I I I ) . The ocean harvest model is  designed to

identify the level of  catch that maximizes economic welfare (measured as the

sum of the producer and consumer surplus). I t  i s  t e n t a t i v e l y  s t r u c t u r e d  a s  a

nonlinear programming model and receives as input smolts and produces as

output the level of  catch and the number of  adults that escape the ocean

f i s h e r y . There  are  severa l  empir i ca l  i ssues  to  be  reso lved  be fore  the  ocean

harvest  model  i s  actual ly  constructed , and it  may well  turn out to be a

comparatively simple l inear program.

The  least - cost  model  descr ibed  in  th is  chapter  wi l l  incorporate  the

ocean harvest model in one of two ways, depending on the eventual structure

of the ocean h a r v e s t  model. If the ocean harvest  model  is structured  as a
linear programming model, it will  be incorporated directly  into the matrix  of
the  least - cost  model . I f  the  ocean  bar-vest model  i s  s tructured  as  a

nonlinear programming model, a response-surface mapping approach \,Jill  be

used. The inputs and outputs of  this module are the same regardless of  the

structure of  the ocean harvest model.
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Inputs. The input to this module is the number of smolts arriving at

the estuary below Bonneville Dam, disaggregated by stock and by year of

a r r i v a l . There are no other inputs.

outputs. The outputs from this model include the level of  the

commercial ocean harvest (or catch) and the number of  adults that escape the

ocean fishery and return to the estuary below Bonneville Dam, disaggregated

by stock and by month of arrival.

Mathematical Relationships. The main activities in the ocean harvest

module are the relationships between smolts entering the ocean, adults in the

ocean (by  age  c lass ) ,  natural  morta l i ty ,  l eve l  o f  ocean harvest ,  and  the

adults  that  escape  the  ocean f i shery . The tentative management objective as

the ocean harvest model is currently structured is to maximize consumer plus

producer  surplus  subject  to  returning  enough adults  to  the  estuary  to  sat is fy

the needs both for in-river harvest and for spawning. The particular ocean

harvest methods selected by the model, the  leve l  o f  natural  morta l i ty ,  and

the number of  adults surviving the ocean fishery will  be provided by the

ocean harvest model described by Norton in part III.

If  the ocean harvest model is structured as a l inear programming model,

i t  w i l l  b e  r e l a t i v e l y  s t r a i g h t f o r w a r d  t o  i n c o r p o r a t e  i t  d i r e c t l y  i n  t h e

least-cost model as the ocean harvest and survival module.  This module would

b e  “ s u p p l i e d ”  w i t h smolts from the smelt  migration model (discussed above)

and it  would “return” adults to the upstream migration of  adults module

(d iscussed  be low) . The mathematical relationships for this are developed

below,  for  a  part i cu lar  s tock  and age  c lass .

The number of  adults escaping the ocean fishery and returning to the

Columbia River to spawn may be expressed as

ADR = f (SMOLTS, Harvest Policy) (3 -87 )
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where

ADR = number of adults returning to the estuary below Bonneville Dam.

SMOLTS = number of smolts entering the estuary below Bonneville Dam.

Harvest Policy = exogenously defined harvest policy.

The  deta i l s  o f  th is  re lat ionship  are  inc luded  in  the  ocean harvest  model

presented  in  part  I I I . I f  i t  i s  l i n e a r , i t  can  be  incorporated  d irect ly  in

the LP tableau of the least-cost model. I f  i t  i s  n o n l i n e a r ,  i t  c a n n o t  b e

incorporated  d irect ly  into  the  least - cost  model . A response-surface mapping

approach will  be required.

costs. There are two types of  costs in this module. One type is the

direct  resource  costs  o f  ocean harvest  due  to  poss ib le  restr i c t ions  intended

to  protect  the  f i shery . The  other  type  o f  costs  i s  the  “opportuni ty  costs ”

o f  h a r v e s t  r e s t r i c t i o n s .

Assumptions Required for Linear Program. If  the ocean harvest model is

structured as a linear programming model, no assumption will  be necessary to

incorporate  i t  in  the  least - cost  model , beyond those  descr ibed  in  part  I I I .

If  the ocean model is nonlinear, the generated response-surface must be close

enough to the actual response surface to obtain reasonably accurate results

in  the  least - cost  model .

Upstream Migration of Adults Module

This module takes adults escaping the ocean fishery and returning to the

estuary below Bonneville Dam, and follows them in their upstream migration to

their spawning areas, account ing  for  both  in -r iver  hal-vest  and  moL-tality

along  the ir  migrat ion  routes . As with most of  the other modules,  thel-e alme a

number of management alternatives in this module including impl-ovements  in

upstream passage and the level of  in-rivel-  harvest. Most of  the equations ill

this module are mass-balances, since the module is primarily an “accounting”

system to track the upstream migration of adults.
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Inputs. The principal input to this module is the number of  adults

returning to the Columbia River below Bonneville Dam, disaggregated by stock

and month of return.

Outputs. The principal outputs from the module are the number of adults

harvested in-river and the number of  adult spawners returning to either

natural spawning grounds or hatcheries. A secondary output is newly

installed capital equipment to aid in upstream passage of  the adults.

Mathematical Relationships. T h e r e  a r e  t w o  c l a s s e s  o f  a c t i v i t i e s  i n  t h i s

module. One class concerns upstream mortality (and reducing it  where it  is

both  feas ib le  and  des i rab le ) . T h e  o t h e r  c l a s s  i n v o l v e s  i n - r i v e r  h a r v e s t .  N o

special programming is required for this. In general, the number of adults

(o f  a  part i cu lar  s tock)  i s  a  funct ion  o f  the  number  o f  adul ts  at  the  prev ious

stage ,  such as  a  reservo ir , dam, or reach of free-flowing water,  minus losses

due to harvest and to mortality at the dams and in the reservoirs.  This may

be expressed mathematically as follows.

ADR
i,t,s

= ADR
i - l ,  t , s

- ADHi t s - ADMi  t s (3 -88 )
9 , , ,

where ADR
i , t , s

represents  the  number  o f  adul ts  o f  spec ies  s  at  l ocat ion  i  in

time t, ADHi t s is  the  number  o f  adul ts  harvested ,  and  ADMi  t s i s  the

number of adhl;s  dying due to causes other than harvest. In’sAbsequent

d i s c u s s i o n ,  t h e “t,s” subscr ipts  are  dropped  for  expos i tory  convenience .

Equation (3-88) states that the number of  adults is equal to the adults

at the previous stage minus the number lost due to in-river harvest and to

mortal i ty . This is a mass-balance relationship whose purpose is to account

for losses among the upstream migrating adults.

The next step is to calculate the number of adults harvested, ADH., and
1

the number of  adults that die due to other causes,  ADMi. ADHi i s  a  f u n c t i o n

of  the  adul ts  potent ia l ly  avai lab le  for  harvest ,  ADRi,  and  the  harvest

techniques employed, which are assumed to be under the control of  the least-
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cost model. It  is assumed that the timing of upstream runs of different

stocks  i s  suf f i c ient ly  d iverse  that  a  part i cu lar  s tock  could  be  harvested

without  a f fect ing  other  s tocks , so  that  a  mixed-stock  f i shery  i s  not  a

problem.

The least-cost model can be operated in one of  two ways. The first way

is  to  constra in  tota l  harvest  o f  a  part i cu lar  s tock  to  be  less  than an

exogenously defined maximum. The  second way i s  to  restr i c t  the  harvest  rate

or the eff iciency of  the harvest methods to be less than an exogenously

assigned maximum rate. In both cases, a mass-balance constraint is required

so that the number of  f ish harvested does not exceed the total number

available at any given time. This may be expressed as follows.

ADHi = a * ADR.1 (3 -89 )

where ADH
i is the number of  adults harvested, ADRi  is the number of adults in

t h e  r i v e r ,  a n d  “a” i s  a  c o n s t a n t , < 1,  relating the number harvested to the

total number of adults.

As already noted, a  constra int  can  be  p laced  on  in -r iver  harvest .

ADHi 5 ADHMAXi (3 -90 )

where ADHMAXi  is the maximum permissible harvest at location i .

A  s imi lar  constra int  could  be  p laced  on  the  to ta l  harvest  o f  a

part i cu lar  s tock  or  on  the  tota l  harvest  o f  a  combinat ion  o f  s tocks . The

equations for these combination constraints are a straightforward extension

o f  E q .  ( 3 - 9 0 ) . They are not shown here. Restricting the harvest methods

used can be done by exogenously varying the values of  “a” in Eq. (3-89).

S ince  the”  a”  in  Eq .  (3 -89)  i s  < 1 ,  mass-balance  i s  ensured .

Morta l i ty  i s  handled  in  a  s imi lar  fashion . Present understanding is

that  dam morta l i ty  i s  the  pr imary  adult  morta l i ty  problem in  the  bas in .  I f
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reservoir mortality also proves to be a problem, the approach shown below can

be extended to encompass that as well .

There are several assumptions that underlie estimates of  dam mortality

in this module. F i r s t , the probability of  successful passage at each dam is

independent of  the probability of  passage at other dams. Second,

reproductive success of  the f ish that pass the dams is independent of  the

management alternatives vis a vis upstream passage. Third, the  probabi l i ty

of successful passage is independent of  the harvest methods. Finally,  dams

that presently block upstream passage altogether will  not be modified to

permit passage. Given these assumptions, dam mortality and the management

al ternat ives  to  reduce  i t  can  be  handled  qui te  eas i ly  in  the  least - cost

model.

Since the probability of  successful passage is assumed to be independent

of other dams, this can be expressed for a “typical” dam as

ADMi  =  ADRiel  *  b

where ADM i is the number of  adults that d

adults  arr iv ing  just  be low dam i ,  and “b”

attempting to pass dam i.

ie  at  dam i ,  ADRim is  the  number  o f

i s  the  probabi l i ty  o f  dy ing  whi le

(3 -91 )

Equation (3-91) encompasses the assumptions noted above. If it is

technically possible to improve dam passage (at some cost) ,  this can be

incorporated  in  the  least - cost  model  by  a l lowing  a l ternat ive  passage

act iv i t ies  that  reduce  the  “b” in  Eq. (3 -91)  whi le  adding  costs  to  the

o b j e c t i v e  f u n c t i o n . For example,

ADM; =  ADRiel  *  b*

and

ADMCOST = ADRim * c

(3 -92 )

(3 -93 )
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where ADMZ is the number of  adults that die at dam i with a reduced

m o r t a l i t y  p r o b a b i l i t y ,  b * . The cost of  the activity,  ADMCOST, is the product

of the number of  adults just below dam i, ADR
i - l ’ and  the  uni t  cost  o f  the

p a s s a g e  a c t i v i t y ,  c .

Equation (3-93) assumes that there are no scale economies in activities

that improve passage around dams. I f  there  are  sca le  economies ,  or  i f  there

a r e  s i g n i f i c a n t  f i x e d  c o s t s  i n  t h e s e  a c t i v i t i e s ,  i t  w i l l  b e  n e c e s s a r y  t o

inc lude  integer  var iab les  to  account  the  sca le  economies  and f ixed  costs .

costs. The only  costs  for  th is  module  are  the  opportuni ty  costs  o f

r e s t r i c t i n g  i n - r i v e r  h a r v e s t , and  the  costs  o f  improving  passage  fac i l i t ies .

Assumptions Required for Linear Program. The assumptions required to

include the upstream migration of adults in the LP matrix are described in

the section on mathematical relationships above.

CONCLUDING COMMENTS

This  conc ludes  the  descr ipt ion  o f  the  least - cost  model . The purpose of

th is  model ,  as  descr ibed  in  the  introduct ion , i s  t o  a s s i s t  i n  i d e n t i f y i n g

system-wide  least  cost  f i sh  mit igat ion  a l ternat ives . Such a model is needed

b e c a u s e  i t  i s  u n l i k e l y  t h a t  t h e  l e a s t - c o s t  a l t e r n a t i v e s  o r  s e t  o f

alternatives can be identified using the hydrosystem and fish simulation

models described briefly in chapter 1 and in more detail  by Lee (1987).

Nonetheless, th is  wi l l  not  be  achieved  without  cons iderable  e f for t  and

without overcoming computational problems unique to the various

“opt imizat ion”  a lgor i thms. These computational problems are due partly to

model structure and partly to model size.

The approach taken to the development of  the least-cost model,  as

d e s c r i b e d  i n  t h e  i n t r o d u c t i o n  t o  t h i s  c h a p t e r ,  h a s  b e e n ,  f i r s t ,  t o  i d e n t i f y

the model structure and, second, to  est imate  i ts  s ize . Both model structure
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and s ize  are  important  factors  in  assess ing  the  feas ib i l i ty  o f  apply ing  the

model  in  rea l  s i tuat ions .

The  pr ior i ty  for  model  s tructure , based both on experience and on ease of

application, has been ordinary linear programming (LP),  mixed integer l inear

programming, and nonlinear programming, in that order. The reason for

establ ish ing  th is  pr ior i ty  i s  that  the  computat ional  problem get

progressively more severe in moving from ordinary LP to nonlinear

programming.

The mathematical development in this chapter has demonstrated that it

wi l l  not  be  poss ib le  to  construct  a  least - cost  model  for  f i sh  mit igat ion  in

the Columbia River Basin using ordinary linear programming (LP). However, at

l e a s t  i n  p r i n c i p l e , i t  wi l l  be  poss ib le  to  construct  a  least - cost  model  us ing

mixed integer linear programming. Moreover, i t  seems l ike ly  that  such a

model  could  be  made  suf f i c ient ly  accurate  to  be  he lp fu l  in  ident i fy ing

system-wide  least  cost  f i sh  mit igat ion  s trateg ies .

In the next chapter, the size of  the model will  be estimated. T h i s  w i l l

involve estimating the number of management and state variables (the columns

in the LP tableau, or matrix), the number of  relationships used to relate or

constra in ,  or  both , the management and state variables in the model), the

number of  non-zero elements in the LP tableau, the number of  integer

var iables , and the number of constraining relationships used in conjunction

with  the  integer  var iables . The resulting model size will  be assessed in

light of  the available computer software and hardware.
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Chapter 4

The Feasibil ity of  Implementing the Least-Cost Model

INTRODUCTION

Chapter  3  demonstrated  that  the  least - cost  f i sh  mit igat ion  model  wi l l  f i t

mathematically and conceptually into a mixed-integer l inear programming

framework. The  conceptual  model  deve loped  in  there  i s  extremely  large ,  f or

two reasons. F i r s t , the  number  o f  s tocks ,  reservo irs ,  dams,  and mit igat ion

al ternat ives  i s  enormous , since the Columbia basin is a very large and

diverse  reg ion .  Second, i t  i s  l i k e l y  t o  t a k e  s e v e r a l  salmonid g e n e r a t i o n s

f o r  t h e  s t o c k s  i n  t h e  r e g i o n  t o  d o u b l e  i n  s i z e , the  overa l l  goa l  adopted  by

the Power Planning Council  for system planning purposes.

The size of  the proposed least-cost model poses two problems with respect

to  actual ly  construct ing  and so lv ing  the  large  system o f  equat ions  out l ined

in  the  prev ious  chapter .  The  f i rs t  concerns  the  data  requirements  for  the

model. The amount of  information needed to construct the model is very

l a r g e ,  a n d  i t  s e e m s  l i k e l y  t h a t  t h e r e  w i l l  b e  d i f f i c u l t i e s  w i t h  b o t h  f i n d i n g

the  requis i te  pr imary  data  (on  s tock  character is t i cs ,  mit igat ion

al ternat ives ,  hatchery  product ion , e t c . )  a n d  g e n e r a t i n g  t h e  c o e f f i c i e n t s

required  to  so lve  the  least - cost  model  in  any  type  o f  mathemat ica l

programming framework. Fortunately,  the  data  required  for  the  least - cost

model is essentially the same as that needed for the system-wide simulation

discussed in Chapter 2.  The  equat ions  needed  for  the  least - cost  model  wi l l

also be based upon those used for the simulation model.  There fore ,  data

avai lab i l i ty  does  not  pose  prob lems that  are  unique  to  th is  model .  Chapter 6

addresses  the  pract i ca l  prob lems o f  data  sources  for  models  that  might  be

b u i l t  i n  t h e  f u t u r e .  A  r e l a t e d  i s s u e  i s  t h a t  t h e  b i o l o g i c a l  r e l a t i o n s h i p s

are not known with a very high degree of certainty,  which makes it  more

di f f i cu l t  to  formulate  mathemat ica l  models  o f  f i sh  behavior .  As  with  the

d a t a  a v a i l a b i l i t y , these problems are shared by both simulation and

opt imizat ion .  The stochastic nature of  some of the phenomena associated with

both  the  hydrosystem and the  f i sher ies  wi l l  need  to  be  invest igated ,  as  these
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may present some problems for the least-cost model. Two possible ways to

handle  the  s tochast i c  prob lems are  s tochast i c  opt imizat ion  or  mult ip le ,  Monte

Car lo  runs  o f  the  least  cost  model  wi th  the  exogenous ,  s tochast i c  inputs ,

including hydrology and power loads,  varied exogenously.

Even i f  the  data  needed  were  readi ly  avai lab le  in  an  eas i ly  usable  form,

and there were no uncertainty associated with the phenomena being modelled,

however, other problems would remain. This  category  can  be  descr ibed  as

analyt i ca l  problems. It includes the mathematical and computational

feas ib i l i ty  o f  so lv ing  any  large  model  where  i terat ive  so lut ion  methods  are

required  to  f ind  a  so lut ion  which  minimizes  (or  maximizes )  an  ob ject ive

function and simultaneously meet an exogenous set of  constraints. The

mathematical problems are caused primarily by the large size of  the model.

Round-o f f  errors  can  occur  in  a lmost  any  non- integer  ca lcu lat ion  per formed on

a  d ig i ta l  computer ,  but  they  are  far  more  l ike ly  to  be  a  problem with  large

models than with small ones. Ser ious  round-o f f  errors  may resul t  in

so lut ions  o f  a  model  that  are  inaccurate  and  mis leading  as  a  guide  to  po l i cy

analys is . In  addi t ion , since the computer time required to solve a model

increases  rapid ly  as  the  s ize  o f  the  model  increases ,  a t  some po int  models

b e c o m e  i m p o s s i b l e  t o  s o l v e  i n  a n y  p r a c t i c a l  t i m e  p e r i o d .  T h i s  i s  e s p e c i a l l y

true  o f  mixed- integer  l inear  prob lems, where  the  so lut ion  t imes  increase  as

an exponent ia l  funct ion  o f  the  number  o f  integer  var iab les  in  the  model .

These  analyt i ca l  problems wi l l  a lmost  certa in ly  ar ise  in  the  at tempts  to

build and solve the model outlined in Chapter 3. The remainder of  this

chapter attempts to show the major causes of  the problems, and suggests some

p o s s i b l e  w a y s  t o  a d d r e s s  t h e  a n a l y t i c a l  i s s u e s  i n v o l v e d .  I t  e n d s  b y

conc luding  that  the  analyt i ca l  prob lems caused  by  the  large  s ize  o f  the

least - cost  model  may be  so lvable , using matrix decomposition techniques.

With  the  except ion  o f  the  conc luding  sect ion ,  the  remainder  o f  th is

chapter assumes some familiarity with operations research techniques,

including linear programming, integer and mixed-integer programming, and the

computat ional  impl i cat ions  o f  increas ing  and decreas ing  model  s ize . The
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reader  who  i s  not  fami l iar  wi th  the  concepts  invo lved  in  the  appl i cat ion  o f

these methods to applied problems may therefore wish to skip to the

conc lus ion . This  can  be  done  without  loss  o f  cont inui ty ,  a l though some o f

the  conc lus ions  wi l l  need  to  be  taken on  fa i th .

MODEL SIZE

Whenever one encounters problems with models that are too large to solve

at reasonable cost and within some reasonable time, there are three

approaches take to the problem. T h e  f i r s t  i s  s i m p l y  t o  g i v e  u p  t h e  p r o j e c t

a s  i n f e a s i b l e ,  a n  o p t i o n  t h a t  i s  n o t  e x p l o r e d  f u r t h e r  i n  t h i s  c h a p t e r . The

second is to reduce the size of  the model by reducing the amount of

i n f o r m a t i o n  c o n t a i n e d  i n  i t  o r ,  p u t  d i f f e r e n t l y , b y  r e s t r i c t i n g  i t s  s c o p e  a n d

r e s o l u t i o n . The  th ird  i s  to  look  at  ways  o f  s tructur ing  the  problem that

wi l l  g ive  the  same answer  as  would  the  or ig inal  problem’s  so lut ion ,  but  that

use  d i f ferent  methods  to  arr ive  at  that  so lut ion . In  th is  d iscuss ion ,  we

f i rs t  examine  the  s ize  o f  the  model  under  d i f ferent  assumpt ions  about  i t s

scope  and  reso lut ion , and then explore a method for restructuring the problem

to  improve  i ts  computat ional  feas ib i l i ty  without  reduc ing  the  accuracy  o f  the

r e s u l t s .

A number of  assumptions underlie the models ’  sizes that we present here.

For both the hydrosystem and the biological sides of  the model,  we assume

t h a t  a l l “ i n t e g e r ” act iv i t ies  in  Chapter  3  are  broken up  into  10  intervals .

Within a model “year”, we assume that there will  be twelve monthly time

per iods .

For the hydro side, we assume 30 dams, of which 4 are variable-head

hydropower,  19 are run-of-river hydropower, and 7 are storage-only with no

s igni f i cant  generat ing  capac i ty . These f igures are based on a study of  the

various Corps of  Engineers and Northwest Power Planning Council  publications

and exclude any dam having both less than 1 percent of  the total storage

capac i ty  and less  than 1  percent  o f  the  to ta l  generat ing  capac i ty  in  the

region . The  are  two  obvious  problems with  th is  type  o f  c lass i f i cat ion .  The
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f i rs t  i s  that  i t  may ignore  dams that  are  reg ional ly  ins igni f i cant  but  that

are  important  on  a  sub-bas in  leve l .  The second problem is that there may be

smal l  dams that  have  ne i ther  s igni f i cant  s torage  nor  substant ia l  generat ing

capac i ty  that  cause  ser ious  prob lems for  f i sh  due  to  inadequate  passage

f a c i l i t i e s .  The second problem is not a severe one for estimating the model

s ize ,  however , since the dams have only l imited management alternatives

associated with them. In any case, ne i ther  type  o f “small” dam will  be

picked  up  in  th is  c lass i f i cat ion  scheme.  We further assume 20 major

irr igat ion  withdraw1 s i tes  in  the  reg ion .

For  the  f i sh ,  we  assume f i f ty  s tocks , each of  which passes an average of

6-8 downstream dams. Finally,  we assume that the ocean harvest model will  be

very  modest  in  s ize , at  l east  in  compar ison  to  the  f reshwater  port ion  o f  the

least - cost  model .

Having stated the various models to be considered (under the assumption

that model structure remains as discussed in Chapter 3) and the assumptions

that are behind each of the models,  we describe them in Table 4.1.  Each row

in the table summarizes the size of  a mixed-integer l inear program (LP)

formulated under different assumptions about the number of  time periods to be

modelled  and whether or not to include both the hydrosystem and fish, or only

one of  the two.  The first row represents the model developed in Chapter 3,

while the other rows represent various ways to “subset” the model into

smaller LP’ s.

The columns in Table 4.1 are defined below. The “Number of years” simply

indicates  the  tota l  years  covered  in  each  LP.  “N” denotes  the  proport ion  o f

years  that  i s  inc luded . I f  N=l, t h e n  e v e r y  y e a r  i s  i n c l u d e d ;  i f  N=3,  t h e n

every  th ird  year  i s  inc luded .  “Hydrology Included” indicates whether or not

t h e  h y d r o s y s t e m  ( i . e . ,  h y d r o e l e c t r i c i t y ,  i r r i g a t i o n ,  a n d  s t o r a g e )  i s

inc luded ,  whi le  “Bio logy  Inc luded” indicates  whether  or  not  the  salmonid

spawning, migration, and harvest  act iv i t ies  are  inc luded .  The next column

indicates the number of constraints in the models,  and the following column

shows the number of  integer variables required to formulate the model in a
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Table  4 .1 .
Size of  the Least-Cost Model Under Different Assumptions

About Model Structure

Number "N" Hydrology Bio logy  Number N u m b e r  o f  F e a s i b i l i t y
o f  years  Included Included Of Rows Integer  Estimate

Variables

15
15
15

15
15
15

1 Yes Yes
1 Yes No
1 No Yes

3 Yes Yes 165,000 45,000
3 Yes No 35,000 2,500
3 No Yes 135,000 42,000

1 Yes Yes 34,000 9,000
1 Yes No 6,000 500
1 No Yes 28,000 8,500

500,000 137,000
100,000 7,000
400,000 130,000

-

+
-

+

++

+
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mixed-integer framework. Other  parameters  that  descr ibe  the  s ize  o f  the

constraint  matr ix , including the number of columns, the number of non-zero

c o e f f i c i e n t s , and so forth are not included, since most published work on

s o l u t i o n  t i m e  a n d  d i f f i c u l t y  a s s e r t  t h a t  the number of constraints and the

number of integer variables are the most important parameters that influence

computational performance. The model size estimates that are included are

only rough approximations, accurate  to  at  most  two  s igni f i cant  d ig i ts ,  and

are based on the model formulation described in Chapter 3 and the

assumptions about the dams, stocks, and  i rr igat ion  s i tes  noted  above .  The

last  co lumn conta ins  an  est imate  o f  the  re lat ive  computat ional  feas ib i l i ty  o f

the  d i f ferent  models , ranging  f rom extremely  low (I’---‘I) to  very  h igh  (“++‘I).

As can be seen from the table, the  models  range  in  s ize  f rom large  to

truly enormous. The largest is the model outlined in Chapter 3,  which

includes 15 years of  monthly data on both the hydrosystem and the fish

b i o l o g y , whi le  the  smal lest  i s  the  s ing le -year  model  o f  the  hydrosystem only .

The  reader  wi l l  note  that  the  feas ib i l i ty  est imates  vary  inverse ly  with  model

s i z e .  The  reason  for  th is  i s  that  the  ru les  o f  thumb within  the  operat ions

research  l i terature  suggest  that , for a simple continuous LP, the time

required  to  so lve  the  model  i s  usual ly  proport ional  to  the  cube  o f  the  number

of  constra int  rows .  S imi lar , a l though less  wel l -deve loped ,  ru les  a lso  ex is t

for solution times required for mixed-integer models,  based on the number of

i n t e g e r  a c t i v i t i e s .  S ince  the  largest  ex is t ing ,  cont inuous  LP models  that

the authors are aware of  have no more than 10,000 rows, the estimated

feas ib i l i ty  o f  so lv ing  models  wi th  500 ,000  rows  i s  extremely  low,  espec ia l ly

when one  cons iders  the  large  number  o f  integer  var iab les  in  the  largest

model. On the other hand, several of  the smaller models shown in Table 4.1

are  qui te  probably  feas ib le  to  so lve  both  accurate ly  and  with  reasonable

solution times using standard LP packages and readily available computer

systems.

The problem with the smaller models is of  course relatively low scope and

r e s o l u t i o n .  That  is , the  models  that  are  comparat ive ly  easy  to  so lve  wi l l

g i v e “ c o r r e c t ” answers to only a small  subset of  the real problem. For

11-4 -6



example ,  in  the  tab le , the next-to-last l ine shows the number of  rows and

integer  var iab les  in  a  s ing le -year  hydrosystem-only  model .  This  model ,  in

our  est imat ion , will  probably be easy to solve with commercial LP/mixed

integer LP software on a medium-size mainframe or fast minicomputer.

Consider,  however, the problem solved by that model.  It  answers the question

of  what  the  least - cost  method  to  operate  the  hydrosystem is  for  a  s ing le  year

o f  operat ion , i g n o r i n g  t h e  f i s h  e n t i r e l y .  S imi lar ly ,  the  last  row o f  the

table summarizes a model to optimize the management of  the fisheries for a

s i n g l e  y e a r , ignoring the hydrosystem. Since the actual problem problem of

interest includes management of  both the hydrosystem and the fisheries over

a  f i f teen-year  p lanning  hor izon ,  these  sub-sets  o f  the  largest  model  do  not

rea l ly  answer  the  quest ions  that  are  l ike ly  to  be  asked  o f  them.

Given the  conc lus ion  that  the  large  model  that  has  the  potent ia l  to

answer questions about the least-cost methods for approximately doubling

exist ing  runs  i s  not  computat ional ly  feas ib le ,  we  turn  next  to  formal

decomposition techniques that may allow the analyst to solve a model that

does, i n  f a c t , g ive  answers  that  are  both  analyt i ca l ly  feas ib le  and

s u f f i c i e n t l y  d e t a i l e d  t o  s e r v e  a s  a  g u i d e  f o r  p o l i c y  a n a l y s i s .

DECOMPOSITION TECHNIQUES

Several methods have been developed by both theoretical  and applied

operations research workers that address the problem solving very large

constrained optimization models.  They are formally known as decomposition

techniques. The techniques used in both hydrosystem modelling and electrical

generation system planning are often based on a technique known as Bender

decomposition. Whi le  th is  chapter  wi l l  not  cons ider  the  computat ional

d e t a i l s  o f  t h e  t e c h n i q u e , it  will  show how the model should be structured in

order  to  use  the  technique , what the computational advantages of  the

technique are, and briefly discuss how the technique “works”.  The reader is

r e f e r r e d  t o  B l o o m  e t  a l .  (1984),  D e s r o c h e r s  e t  a l .  (1986),  o r  P e r e i r a  a n d

Pinto (1985) for examples of  both actual applications and mathematical

deta i l s  o f  the  Bender  a lgor i thm.
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The structure of  a model to be solved using Bender decomposition should

be  b lock-d iagonal , with the overwhelming majority of  the off-diagonal

c o e f f i c i e n t s  i n  t h e  c o n s t r a i n t  m a t r i x  b e i n g  e q u a l  t o  z e r o .  The reason for

t h i s  i s  t h a t  t h e  t e c h n i q u e  c o n s i s t s  o f  s o l v i n g  a  s e r i e s  o f  s m a l l  LP’s a l m o s t

as though they were independent of  one another, t h e n  i t e r a t i v e l y  r e - s o l v i n g

them us ing  the  prev ious  i terat ion ’ s  so lut ions  to  each  smal l  problem as  a

means  for  modi fy ing  the  constra int  set  for  the  current  i terat ion .  The method

works best when there are no columns in common between the subproblems and

few constraint rows in common, with few constraints crossing more than two

subproblems.

The structure of  the full  model and an annual subset are shown

schematica l ly  in  Figures  4 .1  and 4 .2 ,  respect ive ly .  A l l  the  non-zero

e lements  in  the  matr ices  are  conta ined  with in  the  ob ject ive  funct ion  “boxes”

and the annual or monthly boxes. Al though ne i ther  f igure  i s  drawn to  sca le ,

i t  can  be  seen  that  most  o f  the  o f f -d iagonal  e lements  in  the  large  prob lem

are  zeroes , and that the annual and monthly models do not have any columns in

common. They are therefore block-diagonal and conform to the other

spec i f i cat ions  a l ready  noted .  I f  t h e  f i g u r e s  w e r e  t o  s c a l e ,  i t  w o u l d  b e

poss ib le  to  see  that  on ly  a  smal l  proport ion  o f  the  rows cross the annual

and monthly boundaries, and that no rows cut across more than one time

per iod .  The  actual  constra ints  that  do  cross  the  boundar ies  are  f i sh  s tocks

“moving” from one time period to another, a long  with  s torage  leve ls  in  the

hydrosystem and installed capital equipment (with a l i fetime greater than one

year) for the various management alternatives.  The decomposition can be

further extended within months to divide the hydrosystem and from the fish

behavior, s ince  the  only  l ink  between these  i s  the  f low patterns  with in  the

system.

The computational advantages are a result of  two factors already noted -

round-off error and CPU time. Round-o f f  error  i s  reduced  by  so lv ing  a  ser ies

o f  re lat ive ly  smal l  LP matr ices .  CPU time is reduced for the same reason.

To see why the second point is true, consider the following example.  Suppose

one has an LP with a constraint matrix of 10,000 rows, and that the CPU time
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Figure  4 .1 .  Full Model 15-Year Matrix
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.

Month 12

Year n Objective Function

Figure 4.2 Full  Model Annual Matrix
(Inputs from previous years not shown)
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to  so lve  i t  i s  equal  to  m3 mi l l i seconds  (us ing  the  above  rules  o f  thumb) ,

where m=lO,OOO  in the example. Then the CPU time is equal to (10,000)3/1000

seconds , o r  lo9 s e c o n d s ,  o r  3 0  y e a r s .  Instead, consider the same constraint

matrix decomposed into 100 subproblems of 100 rows each. Assume that the same
3m ru le  appl ies  to  the  subproblems, and that  10  i terat ions  o f  the  overa l l

problem are required. Then the CPU time, in seconds, to solve the problem is

( loo3 mil l i seconds  per  subproblem *  100  subproblems *  10  i terat ions ) ,  or  lo6

seconds (about 10 days), a time savings of  three orders of  magnitude.  While

t h e  s o l u t i o n  t i m e  i n v o l v e d  i s  s t i l l  v e r y  l a r g e , i t  i s  c l e a r l y  m u c h  f a s t e r  t o

so lve  the  ser ies  o f  smal l  models  than to  so lve  the  s ing le  large  model ,  under

the  assumption  that  the  number  o f  overa l l  i terat ions  i s  comparat ive ly  smal l .

These  are ,  o f  course , s imply  examples  chosen  to  i l lustrate  the  pr inc ip les

invo lved , and should not be taken to be indicative of  the time needed to

solve the proposed Columbia Basin LP. We do expect that the decomposed

models described below will  be feasible to solve on mainframe computers or

fast minicomputers, although the actual amount of  time required remains to be

determined.

There are disadvantages to using these decomposition techniques,  of

course .  The  pr imary  analyt i ca l  d isadvantage  i s  that  one  does  not ,  s tr i c t ly

speaking, achieve an optimal solution with them. In  pract i ce ,  however ,

examples  o f  appl i cat ions  o f  Bender  decompos i t ion  converge  rapid ly ,  and  i t  i s

easy  to  ca lcu late  upper  and  lower  bounds  for  feas ib le  so lut ions ,  so  that  one

can determine  how far  the  tr ia l  so lut ion  ob ject ive  funct ion  va lue  i s  f rom a

truly  opt imal  so lut ion  at  any  i terat ion .  A  pract i ca l  prob lem is  that  there

are  no  “commerc ia l -qual i ty” packages  avai lab le  for  so lv ing  LP’s us ing  Bender

techniques ,  but  the  theoret i ca l  f oundat ions  are  wel l  es tab l i shed ,  and  there

have been numerous applications using real-world data in the operations

research  l i terature  ( see  the  re ferences  noted  above) .  A  f i n a l  p o t e n t i a l

problem is  that  there  are  no  automated  a lgor i thms for  part i t ion ing  the

constraint matrix to make it  amenable to the decomposition solution methods,

but  the  a lgor i thms are  wel l  es tabl i shed , and  i t  wi l l  probably  be  poss ib le  to

adapt existing programs to f it  the Columbia model.  On balance ,  i t  i s  our
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tentative conclusion that the Bender techniques may be a method for f inding a

so lut ion  to  the  opt imizat ion  prob lems posed  for  th is  pro jec t .

Aside from the advantages already noted, there  are  some s impl i f i cat ions

t h a t  c a n  b e  a p p l i e d  t o  t h e  m o d e l  i f  i t  i s  p a r t i t i o n e d  c o r r e c t l y .  I n

p a r t i c u l a r , i t  should  be  poss ib le  to  e l iminate  the  overwhelming  major i ty  o f

the  integer  var iab les  in  the  model  descr ibed  in  Chapter  3 ,  by  separat ing  the

smolt migration from the hydrosystem model. This can be accomplished because

if  the hydrosystem modules are separate from the smolt migration, then the

flows from the hydrosystem can be passed as exogenous constraints to the

smolt migration module, where  most  o f  the  integer  var iab les  in  the  overa l l

model are found. I f ,  instead  o f  be ing  endogenous  act iv i t ies  in  the  smol t

migration, the  f lows  are  t reated  as  exogenous  constra ints ,  then  i t  i s  no

longer  necessary  to  use  integer  var iab les  to  accurate ly  represent  the  e f fec ts

o f  var iab le  f l ows  rates  through reservo irs  and  var iab le  f l ow proport ions  at

dams on the downstream migrants, a l though the  f l ows  wi l l  need  to  be

transformed into migration rates and proportions passing over spillways and

through turbines. T h i s  g r e a t l y  i n c r e a s e s  t h e  p r o b a b l e  f e a s i b i l i t y  o f  s o l v i n g

the  overa l l  model .

The detailed workings of  the Bender decomposition method are beyond the

s c o p e  o f  t h i s  c h a p t e r . However, in  order  to  g ive  the  reader  a  genera l  idea

of what happens in solving a decomposed problem, we will  attempt a broad,

heuristic explanation of the method, using a simple example.  The example

fo l lows  a  prob lem expla ined  in  deta i l  by  Pere ira  and  Pinto  (1985) .  Their

art i c le  conta ins  an  appendix  wi th  a  deta i led  expos i t ion  o f  the  Bender

decomposition as applied to a water resources problem.

The  method  can  be  expla ined  intui t ive ly  as  fo l lows . Suppose one has an

LP that can be broken into (say) two parts. The parts have a small

proport ion  the ir  o f  constra ints  ( rows)  in  common, and no  act iv i t ies  ( co lumns)

in common. This  problem,  there fore , has  an  ob ject ive  funct ion  that  can  be

d i v i d e d  i n t o  t h e  c o s t s  f o r  t h e  f i r s t  p a r t  o f  t h e  p r o b l e m ,  a n d  t h e  c o s t s  f o r

the second. The  constra ints  can  be  d iv ided  into  those  that  are  unique  to
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each part of  the problem, and those that are shared by each of  the two parts.

The Bender decomposition method is an algorithm that allows the iterative

solution of  the two sub-problems that assures convergence,  within upper and

lower  bounds  that  are  known af ter  the  f i rs t  i terat ion ,  to  the  “ t rue”  opt imal

so lut ion  that  would  be  obta ined  i f  one  so lved  the  ent i re  prob lem as  a  s ing le

u n i t .

Suppose,  for example, one has a power production optimization consisting

of the operation of  a mixed hydro and thermal plant system, where the first

“s tage” is  operat ions  in  year  one  and  the  second  “s tage”  i s  system operat ions

in year two. The problem can be divided into two stages,  based on operating

year, with  the  ob ject ive  be ing  to  minimize  the  sum o f  operat ing  costs  for  the

two years, subject to constraints on the minimum power produced in each of

the two years. Whi le  each  year  has  i ts  own set  o f  constra ints ,  the  two  years

have some constraints in common, namely  the  s torage  leve ls  in  reservo irs  at

t h e  e n d  o f  t h e  f i r s t  y e a r . This  example  f i t s  the  above  descr ipt ion  o f  the

decomposition method reasonably well .

The method for solving the problem works as follows. One first minimizes

t h e  c o s t  o f  o p e r a t i o n  f o r  t h e  f i r s t  s t a g e  ( y e a r ) ,  i g n o r i n g  t h e  s e c o n d  y e a r

e n t i r e l y . This  g ives  a  lower  bound o f  the  ob jec t ive  funct ion  va lue  for  the

overa l l  prob lem, s ince  by  assumpt ion  second-stage  costs  are  zero . I t  w i l l

a l s o , i n  a l l  l i k e l i h o o d , l e a v e  r e s e r v o i r  s t o r a g e  a t  t h e  e n d  o f  t h e  f i r s t  y e a r

at  a  much lower  leve l  than would  be  the  case  i f  the  second  year ’ s  operat ions

had been considered. Next, one solves the second stage problem, taking the

b e g i n n i n g - o f - y e a r  r e s e r v o i r  l e v e l s  f r o m  t h e  s o l u t i o n  o f  t h e  f i r s t - y e a r

problem as  f ixed  constra ints . In this example, the  probable  resul t  i s  that

t h e  t h e r m a l  p l a n t s  w i l l  o p e r a t e  a t  a  l e v e l  t h a t  i s  “too h i g h ”  ( s i n c e

reservo ir  l eve ls  at  the  beg inning  o f  the  year  were  too  low)  produc ing  a

solution that is more expensive than would be optimal. This gives an upper

bound on  the  poss ib le  ob jec t ive  funct ion  va lue  for  the  overa l l  prob lem.  In

Figure  4 .3 , t h e  v a l u e  o f  t h e  o v e r a l l  o b j e c t i v e  f u n c t i o n is  g iven  by  the

upper  and  lower  po ints  at  i terat ion  one .
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Figure  4 .3 . Convergence of  Objective Function
Values in Bender Decomposition
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The next  s tep  in  the  process  i s  to  rev ise  the  f i rs t  s tage  prob lem,  based

on the  resul ts  in  the  second s tage , and  re -so lve  the  f i rs t  s tage  prob lem.

This  i s  done  us ing  the  dual  va lues  f rom the  second-stage  so lut ion  to

“ t ighten” the  constra ints  on  the  f i rs t -s tage  problem. In the example this

would probably mean requiring the first year model to leave more water in

s t o r a g e  a t  t h e  e n d  o f  t h e  ( f i r s t )  y e a r . Then the second-stage problem is

so lved  again , with  constra ints  f rom the  second so lut ion  o f  the  f i rs t -s tage

problem that  wi l l  be  more  near ly  “ correct ” than the  constra ints  used  for  the

f i rs t  so lut ion  o f  the  second-stage  prob lem. The  process  i s  repeated  unt i l

the  ob ject ive  funct ion  converges , with in  exogenous ly  spec i f ied  l imits ,  on  an

opt imal  so lut ion  to  the  overa l l  prob lem.

Conclusion

The  model  out l ined  in  the  prev ious  chapter  wi l l  require  a  great  dea l  o f

data, but that data is nearly the same as the information needed for the

system simulation model. The very large size of  the model makes it

infeasible to solve it  using commercially available mathematical programming

packages. The model will  need to be re-structured in order to make it

poss ib le  to  so lve  and  produce  use fu l  answers  for  po l i cy  analys is . Based on a

rev iew o f  recent  model l ing  e f for ts  in  both  the  hydrosystem and e lec tr i ca l

power  f i e lds , i t  i s  o u r  c o n c l u s i o n  t h a t  i t  m a y  b e  p o s s i b l e  t o  s o l v e  a

d e t a i l e d , large-scale mathematical programming model for the Columbia River

Basin. However, the  very  large  s ize  o f  the  model  makes  the  appl i cat ion  o f

the techniques outlined above experimental in nature. We cannot guarantee

that  at tempts  to  bui ld  and  so lve  the  model  wi l l  be  success fu l .
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Chapter 5

Assess ing  the  Opportuni ty  Cost  o f  F ish  Mit igat ion  Act iv i t ies

in the Columbia River Basin

INTRODUCTION

This chapter examines a variety of  methods for assessing the opportunity

c o s t s  o f  f i s h  m i t i g a t i o n  a c t i v i t i e s .  I t  i s  s p e c i f i c a l l y  c o n c e r n e d  w i t h  t h e

opportuni ty  costs  assoc iated  with  i rr igat ion  and hydropower .

I n  t h e  c a s e  o f  i r r i g a t i o n , we assume that a water rights market exists

in  the  reg ion , such that  farmers  could  buy  and se l l  r ights  to  i rr igat ion

water. Although such rights markets are in use elsewhere in the Western

s t a t e s , no  markets  for  i rr igat ion  water  are  present ly  in  operat ion  in  the

Paci f i c  Northwest .  While we do not advocate the establishment of  such

markets ,  prev ious  work  in  the  area  suggests  that  both  farmers  and e lectr i c i ty

consumers might both be made better off  i f  in fact such markets were to

funct ion .  The  fact  that  i rr igat ion  withdrawals  have  been  establ i shed  to  be

important  factors  l imit ing  f i sh  product ion  in  some subbas ins  in  the  reg ion ,

including the Yakima and Umatilla, s u g g e s t s  t h a t  r e d u c t i o n  o f  i r r i g a t i o n

withdrawals  might  wel l  be  a  cost -e f fec t ive  means  for  enhancing  f i sh  runs .

The work in this chapter should be viewed as steps toward developing a means

for  establ i sh ing  the  d i f ference  in  costs  between enhanc ing  f i sh  runs  with  and

without an active water rights market, in which rights might be acquired for

enhancing fish runs. I t  should  not  be  taken as  advocacy  o f  es tabl i sh ing  such

markets.

METHODOLOGIES FOR QUANTIFYING OPPORTUNITY COSTS

Opportunity Cost of  Irrigation Water

Water withdrawn from the Columbia river system is one of  several inputs

into  the  agr icu l tura l  product ion  processes  in  the  Columbia  River  Bas in .  Two

sets  o f  f orces  determine  the  amount  o f  i r r igat ion  water  used .  T h e  f i r s t
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inc ludes  phys ica l  factors  such  as  the  spec i f i c  requirements  o f  the  crops  and

the  dra inage  potent ia l  o f  the  so i l . The  second set  o f  fac tors  i s  economic

and inc lude  the  cost  o f  i r r igat ion , the  costs  o f  o ther  inputs  used  in  the

production process, and the prices received by farmers for their produce.

The paper by Diewert (1985) on measuring the economic benefits of

in frastructure  serv ices  deve lops  the  theoret i ca l  bas is  for  the  models

reviewed in this chapter.

To briefly summarize the microeconomic theory, the opportunity cost of

the  marginal  uni t  o f  sur face  water  to  the  agr icul tural  sector  can  be

determined  f rom econometr ica l ly  est imated  restr i c ted  pro f i t  or  cost  funct ion

models. These estimates are,  by construction, part ia l  equi l ibr ium or  short

run measures since the technology and level of  other arguments in the model,

such  as  i rr igat ion  water ,  are  be ing  he ld  f ixed . T h e  r e s t r i c t e d  p r o f i t

function assumes that prices of  the variable inputs and outputs are constant.

This  constant -pr i ce  est imate  o f  the  opportuni ty  cost  o f  water  i s  a  reasonable

approx imat ion  o f  the  gross  e f fec ts  i f  changes  in  the  quant i t ies  bought  and

so ld  by  th is  sector  are  not  large  enough to  in f luence  market  pr i ces . In the

restr i c ted  cost  funct ion  model ,  the  leve l  o f  output ,  the  pr i ces  o f  the

v a r i a b l e  f a c t o r s , and  the  quant i t ies  o f  the  f ixed  factors  are  he ld  constant .

The  resul t ing  constant -output  est imates  o f  the  opportuni ty  cost  o f  water

would be similar to the estimates of  replacement costs i f  the replacement was

to be done by existing firms assuming that output levels,  input prices,  and

the  leve l  o f  i r r igat ion  water  are  he ld  f ixed . It can also be shown that

under  certa in  condi t ions  the  f i rm’s  wi l l ingness  to  pay  funct ions  for  the  set

o f  q u a s i f i x e d  i n p u t s  ( i . e . water) can be interpreted as a system of inverse

demand functions.

Opportunity Cost of Water in Hydropower

In developing a framework to quantify the opportunity costs of  water

diverted from hydropower generation to aid f ish passage,  we are left  with a

c o n c e p t u a l l y  d i f f i c u l t  j o b  d u e  t o  t h e  s t r u c t u r e  o f  t h i s  s e c t o r ,  t h e  p u b l i c l y

regulated  pr ic ing  s tructure , and the current surplus power that exists in the
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reg ion . Ideal ly  we  would  l ike  to  assess  the  increase  in  the  marginal  cost  o f

producing a given amount of energy, o r  t o  v a l u e  t h e  l o s t  o u t p u t  a t  i t s  s o c i a l

c o s t . However, the net benefit  or cost measures based on the restricted

pro f i t  and  restr i c ted  cost  funct ions  assume that  the  sector  i s  compet i t ive ,

and that a well-defined, twice  cont inuous ly  d i f ferent iab le  cost  funct ion

e x i s t s . These conditions do not describe the hydropower sector.

The conventional approach to opportunity cost measurement has been to

determine replacement cost for the energy foregone as the result of  a change

in  the  water  a l located  to  hydropower  act iv i t ies . The marginal cost of

generating energy beyond some “base case” leve l  becomes  s igni f i cant ly  greater

as the relatively cheap hydropower energy is replaced by the more expensive

sources , which include thermal or coal-powered plants.  Eckstein (1961)

suggests that we should use “the cost of  providing comparable output by the

cheapest alternative means . . . however alternative cost computations are not

val id  subst i tutes  for  est imated  opportuni ty  cost  unless  there  i s  a  c lear ly

defined objective which is going to be met in one way or another” (pp.

52-53) . For example, if  power capacity already exceeds the demand at the

going  rate  s tructure , the marginal value of  an additional unit of  power is

go ing  to  be  less  than the  cost  o f  a l ternat ive  capac i ty ,  s ince  the  a l ternat ive

would not be constructed; the extra power could only be marketed at a lower

pr ice - -  poss ib ly  the  pr i ce  at  which  i t  i s  so ld  to  the  Southwest . Thus the

use  o f  rep lacement  cost  to  measure  opportuni ty  cost  rea l ly  i s  equiva lent  to

the problem of choosing an alternative means of  minimizing the cost of

achiev ing  a  predetermined  ob ject ive ,  i . e . , producing an equivalent amount of

power.

The  d i f f i cu l t ies  in  quant i fy ing  the  replacement  cost  inc lude  determining

what type of  power is being sacrif iced and deciding how to value the lost

energy. To determine the quantity of  hydropower that is lost requil-es

knowledge of  the relationship between stream flov  and genes-sting  capacity.

Var iat ions  in  the  annual  vo lume o f  streamflows  alter- the  reg ional  cost o f

electricity production because of  a change in the mix of  cheap hydropo:,iet- and

other more expensive sources of  enel-gy. The NOL-  thwest Powel-  Planning Council
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(NPPC) reports that in the early 1980’s hydropower operating costs were

approximately 10 percent of new thermal power costs.

Pr imary  or  f i rm energy  i s  lost  i f  the  deplet ions  occur  dur ing  cr i t i ca l

water  condi t ions .  Secondary energy is lost i f  the depletions occur only when

stream flows exceed the critical water conditions.  Peaking capacity may also

be affected if the diversions reduce the maximum amount of power that can be

produced under an adverse combination of loads and streamflows.

Fish flow enhancement due to the Water Budget represents an additional

demand for instream flows. Al locat ion  o f  water  to  th is  act iv i ty  may resul t

in  curta i lment  o f  water  avai lab le  for  hydropower  and/or  i rr igat ion  in  a l l

years , inc luding  the  cr i t i ca l  f low year .  Since the fish enhancement flows

for the Water Budget are needed every year, this commitment reduces the

cr i t i ca l  f l ow;  power  p lanners  have  less  f l ow to  count  on  in  the  event  that  a

c r i t i c a l  f l o w  y e a r  i s  r e a l i z e d .  It has been argued, there fore  that  the  los t

power should be valued at the replacement cost for f irm power. However,  i f

there is a surplus of  f irm power over and above demand at prevailing rates,

economic theory would indicate that the output lost due to Water Budget f lows

should  be  pr i ced  at  i t s  va lue  to  soc ie ty , which in high flow years might be

the rate at which the power is sold outside the region, or may even be zero

i f  there  i s  no  market  for  the  power  outs ide  the reg ion .

Al l  o f  th is  suggests  that  the  va lue  o f  the  los t  power  cannot  be  t ied  to

a  s ing le  rate ,  but  rather  should  vary  over  t ime because  o f  the  poss ib i l i ty  o f

substituting surplus firm or nonfirm hydropower for thermal power.  These

subst i tut ions  would  resul t  in  sav ings  in  var iable  costs  (due  to  thermal

generat ion  avo ided) , which can be translated into lower replacement costs and

lower  opportuni ty  costs .  In most o f  t h e  e m p i r i c a l  work to date (see next
section) the opportunity cost of  the lost hydropower is valued at 35 m per

KWH, which is the reported replacement cost for a thermal plant.  While this

may be defensible for f irm power replacement when  the hydro system is

operat ing  at  fu l l  capac i ty  i t  appears  to  be  less  just i f i ed  dur ing  an  per iod

o f  e x c e s s  c a p a c i t y .  The present glut of  both firm and nonfirm power suggests
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valuing the lost energy at the rate at which surplus power is being sold

outs ide  the  reg ion .

REVIEW OF SELECTED EMPIRICAL ANALYSES

A substantial amount of  research has been undertaken to evaluate the

irr igat ion-hydropower  tradeof f  in  the  Pac i f i c  Northwest .  The  large  proport ion

of  the  economic  e f for ts  have  produced  est imates  o f  the  cost  o f  future

irrigation development in the region in terms of lost hydropower.  The

context  o f  the  current  pro jec t  does  not  concern  the  benef i ts  and  the  costs  o f

future irrigation development per se;- - rather the problem is how to cut back

or reallocate existing market uses of  the stream flows. The problems are not

symmetric, although information contained in these studies may be useful in

character iz ing  the  current  s tatus  o f  the  hydropower  and agr icul tural  sectors .

The  ob jec t ive  o f  the  next  three  sect ions  i s  to  prov ide  a  br ie f  rev iew

and comparison of  the empirical evidence regarding the economic value of

water  used  in  i rr igated  agr icul ture  in  the  Pac i f i c  Northwest ,  wi th  an

emphasis on the Yakima and Umatilla areas. The estimates are obtained from a

care fu l  rev iew o f  ex is t ing  research  in  the  area ; no new estimates or analyses

have been under taken. The  next - to - last  sect ion  o f  th is  chapter  uses  these

est imates  to  pro ject  pr i ces  and tota l  costs  for  purchase  o f  i r r igat ion  r ights

in the Umatilla and Yakima subbasins, under the assumption that water rights

markets were instituted in the region.

The studies are organized by the methodology used to obtain the

empir ica l  resul ts :  econometric or programming techniques. The  d i f ferent

m e t h o d s  and data sets used in calculating  values  results in a set of values
which are not directly comparable.  Some values pertain to a short run time

frame, while  others  re f lec t  longer  run values .  In  addi t ion , some studies

report  a  marginal  va lue  for  {water, while other estimates may reflect an

average value of  water; va lues  may 3150 be  crop-spec i f i c  or  re late  to  a

mixture  o f  crops .  Final ly ,  the  va lues  may be  e i ther  on-s i te  (a t  the  po int  o f
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appl i cat ion)  or  instream water  va lues .  Where possible, these  d i f ferences  are

care fu l ly  de l ineated .

Econometric Studies of the Economic Value of Water

Econometric analyses of  agricultural production functions or the dual

c o s t ,  p r o f i t , or revenue function models can be used to calculate a marginal

value for the water input.  I f  a l l  o ther  uni ts  are  he ld  constant ,  the

marginal  phys ica l  product iv i ty  o f  water  ( i . e . , change in crop output as a

funct ion  o f  change  in  i rr igat ion  water  appl ied)  used  on  the  spec i f i c  c rop  or

mix of crops can be calculated from information on the production function.

The marginal value of water is simply the marginal physical product times the

appropriate market output price.  Since these estimates are primarily made

using  farm- leve l  or  county- leve l  data , the marginal value products reflect

“ o n - s i t e ” values for water.  Furthermore, the econometric analyses can

produce either short-run or long-run estimates depending upon the

spec i f i cat ion  o f  the  product ion  technology .

Econometric techniques can also be used to estimate the shadow value of

irrigation water using a short run or temporary equilibrium model.  The

est imates  o f  the  va lue  o f  water  that  resul t  f rom us ing  a  restr i c ted  cost  or

restr i c ted  pro f i t  funct ion  model  (where  the  quant i ty  o f  i r r igat ion  water  i s

he ld  constant )  are ,  by  construct ion , short run measures since the technology

and level of  other inputs and crop output are being held f ixed.  In the

econometric studies reviewed, the econometric approaches tend to be rather

dated, using information that in some cases is more than two decades old.

They are examined below in order to give the reader an idea of  how these

methods could be usefully applied to more up-to-date information, and to

compare the strengths and weaknesses of the econometric and programming

approaches.

Holloway and Stevens (1973)

The oldest of  the econometric studies is one by Ho lloway and St evens. It
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is  based on an aggregate production function analysis of  water resource

product iv i ty  in  the  Pac i f i c  Northwest  us ing  cross -sect ional  data  at  the

county  leve l  for  1964 .  The purpose of the study was to evaluate the economic

e f f i c iency  o f  the  water  a l locat ion  that  ex is ted  in  1964  and to  make

inferences  about  potent ia l  i r r igat ion  deve lopment  in  the  reg ion .  W h i l e  i t  i s

based on very dated information, the general approach employed in the study

may be useful in producing more timely estimates of  prices in a potential

regional water rights market.  Est imates  o f  i r r igat ion  product iv i ty  were

obta ined  for  se lec ted  areas  with in  the  reg ion ,  each  area  cons is t ing  o f

counties that by assumption are homogenous production units .

The Washington-Oregon-Idaho study area was divided into five county

groups y des igned  as  fo l l ows :

i c h  t y p i c a lArea A: 41 counties,  wh

products;

ly  produced  f ie ld  crops  and  l ivestock

Area B: 15 counties, which produced primarily l ivestock and livestock

products;

Area C: 20 counties, which produced mostly f ield crops;

Area D: 27 counties, which produced mostly livestock and dairy and

l ivestock  products :  and

Area E: 16 counties, which had highly diversified production.

Both the Yakima basin in Washington and the Umatilla basin in Oregon are part

of the Area A county group. More  spec i f i ca l ly , the  count ies  in  th is  group

had greater than 50 percent of  the total value of  farm product sold from

f ie ld  crops  and l ivestock  and l ivestock  products , and no less than 20 percent

from each product group.

The  product ion  funct ion  for  each  L-egion  inc ludes  e ight  var iab le  input

aggregates  - labor expenses, operating expenses, equipment and bui Id ings ,

cropland, animal capital, irl-igation  water-, faL-m investment  in  dra inage ,  and

farm investment in water conservation. The output vaL-iable  was the total

value of  farm products sold.  Data weL-e  primaL-ily taken from the 1964 Census
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of  Agr icul ture ; irrigation water data were estimated using 1959 Census of

Irr igat ion  appl i cat ion  rates  and  the  number  o f  i r r igated  acres  reported  by

the 1964 Census of  Agriculture. Information on drainage investment and water

conservation practices were constructed by Holloway and Stevens based on

histor i ca l  records  o f  farmers  part i c ipat ion  in  Agr icul tural  Conservat ion

Program cost sharing arrangements, as  reported  in  the  annual  s tat is t i ca l

reports  o f  the  Agr icu l tura l  Stabi l i zat ion  and Conservat ion  Serv ice .  These

two variables - the service f lows from drainage investment and water

conservat ion  pract i ces  - were included with the service f low for equipment

and bui ld ings  in  the  f inal  regress ion  analyses .

Both linear and exponential  functional forms for the aggregate

production function were estimated. The  exponent ia l  form is  theoret i ca l ly

more  p laus ib le  s ince  i t  a l lows  for  d iminishing  marginal  product iv i ty .

Holloway and St evens, however, ut i l i zed  the  l inear  funct ional  form stat ing

t h a t  “(1)  t h e  s t a t i s t i c a l  t e s t s  w e r e  m o r e  p r e c i s e  i n  t h e  l i n e a r  f o r m ;  ( 2 )  t h e

linear forms were good approximations of  non-linear functions over the range

of  the  data ; and (3) MVP estimates from the l inear form (for the irrigation

var iab le )  were  not  s igni f i cant ly  d i f ferent  f rom the  Cobb-Douglas  funct ion . ”

(p.  28) The Holloway and Stevens results are presented in Table 5.1.

They  found that  s igni f i cant  d i f ferences  ex is ted  with in  the  f ive  areas

with respect to the estimated MVP per acre foot of  irrigation water.  The

returns  were  s igni f i cant ly  h igher  for  f i e ld  crops  (area  C)  than in  the

livestock and dairy product areas (areas B and D).  Furthermore, the areas in

which water was the most productive in 1964 had the greatest potential  for

future irrigation development, southeast Washington and southeast Idaho.

Since the Yakima and Umatilla  areas fall  within Area A, their estimates

of the MVP of irrigation water provide the best measures of  the MVP for these

two areas. The  va lues  reported  in  Table  5 .1  re f lec t  the  va lues  at  the

de l ivery  po int  in  1964  do l lars .  Holloway and Stevens estimate that at the

application point the MVP for Area A using the l inear model increased to

$10 .150  per  acre  foot , assuming 75% irrigation efficiency, and to $15.226 per
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Table  5 .1 .  Holloway and Stevens (1973) Estimates of Msrginal  Value Product
(MVP) of Water, Based on Linear Regression

($ /acre  foot  o f  water  de l ivered ,  1964  $)

Areab Estimate of Marginal 90 percent Confidence Interval
Value Product of Water

A 7.613 3.510 - 11.716
B 4.928 3.681 - 6.177
C 10.590 7.316 - 13.864
D 3.403 0.069 - 6.737
E 10.688 -3 .754 - 25.130

Notes

a.

b.

Fi t ted  regress ion : Y=f(Xl,X2,X3,X4,X5,X6)  where Y=value of farm

products sold and inputs 1 through 6 represent labor,  operating

expenses, serv ice  f low on  capi ta l ,  c ropland,  animal  uni t  months  o f

avai lab le  graz ing , and i rr igat ion  water ,  respect ive ly .

Def in i t ion  o f  area :  A--41 counties in central and NE Oregon and

southern  Idaho  ( f i e ld  crops  and  l ivestock  products ) ;  B- -15  count ies  in

eastel-n Oregon (pr imari ly  l ivestock  products ) ;  C- -20  count ies  in  SE

Washington and SE Idaho (f ield crops);  D--27 counties in coastal

Washington and Oregon (l ivestock and dairy products);  and E--16

count ies  in  Wi l lamette -Puget  Trough (d ivers i f ied) .

Source : Holloway, M.,  and J.  Stevens. 1973. “An Analysis of  Water
Resource Productivity and Efficiency of Use in Pacific Northwest
Agricul ture” ,  Special  Report 383, Agricultural Experiment Station,
Oregon State University.
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acre  foot  assuming 50% irr igat ion  e f f i c iency .  These latter estimates were

generated by the l inear regression equation when the quantity nf the

irr igat ion  var iab le  was  d iv ided  by  .75 and  .50, respect ive ly .  Although the

data used in the study are too old to be enable one to reach any conclusions

a b o u t  p r i c e s  i n  p o t e n t i a l  w a t e r  r i g h t s  m a r k e t s ,  i t  i s  i l l u s t r a t i v e  o f  t h e

methods and results that one might expect from a more current study.

Frank and Beattie (1979)

This work, along with the study by Gibbons, below, is included in order

to show how prices for irrigation water in the Columbia might compare with

those in other regions in the West.  S ince  there  are  act ive  water  r ights

markets elsewhere the results reported below may give some general

indications as to how prices in the Columbia Basin would look relative to

other  reg ions .  As with the Holloway and Stevens study, the results shown

below should be taken as i l lustrative examples.

In a study entitled “The Economic Value of  Irrigation Water in the

Western United States: An Application of  Ridge Regression”,  Frank and

Beattie  provide a means for comparing regional water values.  Their research

is a comprehensive study based on a single estimation technique and data

source ,  des igned  to  d iscern  reg ional  economic  character is t i cs  and  d i f ferences

of irrigation water demand in the West.

Eleven homogenous regions, including the Columbia-Snake River Basin,

were the major irrigated areas.  Agr icul tural  output , in  do l lar -va lue  terms,

was  spec i f ied  to  be  a  funct ion  o f  n ine  var iab le  inputs :  i rr igat ion  water

appl ied , va lue  o f  land  and bui ld ings ,  h i red  labor  expendi tures ,  fue l

expenditures,  f er t i l i zer  and  l ime  expendi tures ,  f eed  expendi tures ,  va lue  o f

machinery inventory, va lue  o f  l ivestock  inventory ,  and  misce l laneous

expenditures.  The data were obtained from the 1969 Census of Agriculture.

Each regional Cobb-Douglas production function was fitted using ol-dinal-y

least square (OLS) and ridge regression techniques.  Frank and Beattie report
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that the OLS estimates were highly unstable due to a high degree of

m u l t i c o l l i n e a r i t y , and had theoret i ca l ly  incorrect  s igns .  The ridge

regression estimates were more compatible with theoretical expectations,  and

had lower standard errors.

From the fitted production functions, the demand for irrigation water

was derived for the long run, for two intermediate runs, and for the short

run. Marginal irrigation water values were estimated for 1969 at the mean

values of  water usage, other  input  leve ls  and  var iab le  input  pr i ce .  These

water values are reported in Table 5.2.  The marginal value of water in

irrigated agriculture is lowest in the Snake-Columbia Basin in the short run.

For  a l l  l engths  o f  run cons idered , Frank and Beattie  assumed that the

l ivestock  re lated  inputs  were  constant , s ince  i t  was  be l ieved  that  changes  in

l ivestock  act iv i ty  would  cause  v ir tual ly  no  change  in  increased  i rr igat ion  o f

pastureland. The long run refers to the length of  run when all  crop related

inputs  are  t reated  as  var iab le ; the intermediate run I and intermediate run

II characterize production when only land, and then when land and machinery,

r e s p e c t i v e l y , are  he ld  f ixed .  In the short run, a l l  c r o p - r e l a t e d  i n p u t s

except water are considered fixed to the f irm.

With respect to the Frank and Beattie  study, it  should be noted that the

marginal water values are reported at the mean of all  explanatory variables

and that the point estimates depend upon the level of  the input levels,  input

p r i c e s , and product prices.  Frank and Beattie  also state some concern with

the fact that the longer run water values generally exceeded the shorter run

values .  They suggest that this may be due to the fact that either too much

water (on average) was applied in 1969 or that the mean levels of  short rrln

f ixed  factors  were  not  opt imal .  N o t e  t h a t  i f  a l l  f a c t o r s  i n c l u d i n g  water

were f ixed at optimal, pro f i t -maximiz ing  leve ls , the marginal values would be

the  same for  a l l  l engths  o f  run.

It would have been helpful if Frank and Beat t ie had reported the

standard errors associated with their estimated water values. T h i s  w o u l d
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Table  5 .2 .  Marginal Water Values Under Alternative Lengths of Run, 1969$a

Region

Snake-Columbia Basin

Centra l  Cal i fornia

Desert Southwest

Upper Colorado Basin

Upper Rio Grande Basin

Lower Rio Grande Basin

Upper Missouri Basin

Northwestern Ogallala

Northwestern Ogallala

Central Ogallala

Southern Ogallala

Length of Run

Long Intermediate Intermediate Short
Run Run I Run II Run

1.80 1.80 1.83 1.71

27.79 6.79 5 .30  4.92

b 22.74 10.37 7.73

8.08 6.87 6.65 7.02

- - -  22.07 2.52 2.25

10.00 8.94 6.54 3.51

5.98 4.40 4.27 4 .09

b 24.88 11.97 9.42

16.58 12.71 8 .40  6 .63

27.74 21.53 7.44 4 .36

8.81 8.27 3.08 2 .03

Notes

a .  Based on mean levels of  all  variables for each region.

b. Values  not  reported- - see  text .

Source : Frank and Beattie  (1979),  Table 6.
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have enabled some cross study comparisons of  confidence intervals around the

point  est imates , rather than simply comparing point estimates.

Gibbons (1986)

In another inter-regional comparison, Gibbons  reports  on  a  ser ies  o f

studies funded by the US Department of  Agriculture to estimate crop water

product ion  funct ions  in  s ix  s tates :  Arizona, New Mexico,  Texas, California,

Washington, and Idaho. The production functions were estimated under

contro l led  condi t ions .  The marginal values are shown in Table 5.3 for a

percent reduction in the amount of  water applied from the yield maximizing

leve ls  for  that  part i cu lar  crop  exper iment .  The prices used to value the

marginal productivities were the 1980 national averages by crop.

The estimates reported by Gibbons seem rather high relative to those

reported by Frank and Beattie. This may be partially due to:  ( 1 )  t h e

experimental nature of  the production function estimates and the fact that

the  va lues  are  reported  at  the  y ie ld  maximiz ing  leve ls ;  (2 )  the  data  re f lec t

1980 prices as opposed to 1969, 1974 or 1978 prices;  and (3)  the data are

c r o p  s p e c i f i c .  As with the Frank and Beattie  study, the Gibbons work should

be viewed as an example of  how one might carry out inter-regional

comparisons, perhaps a a “check”  on  the  resul ts  o f  future  s tudies  in  the

Columbia Basin proper.

Programming Studies of the Economic Value of Water

Probably the most extensively used technique for discerning water values

is linear programming. In this approach, a  pro f i t  funct ion  i s  maximized  (or

cost function is minimized) subject to various economic and physical

constraints .  A  so lut ion  o f  th is  type  y ie lds  est imates  o f  the  marginal  va lue

product iv i t ies  ( shadow pr ices )  o f  each  constra in ing  input  in  addi t ion  to  the

optimal input combination. One can relax the water supply constraint(s)  and

determine  the  set  o f  shadow  pr ices  for  addi t ional  uni ts  o f  water .
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Table  5 .3 .  Marginal Water Values from Crop-Water Production Functions, 1980 $
per  acre - foot

Value

Crop Idaho Washington  Cal i fornia  Ar izona New Mexico Texas

Grain sorghum

Wheat

<15 113

59 22 35

A l f a l f a  25

Cot ton

Corn

Sugar beets

Potatoes 698 282

144

71-129

Tomatoes 390

56

25

61

52 57

Note: Values have been calculated at 10 percent reductions from yield-

maximizing water levels.  In  each  case ,  1980  pr ices ,  average  e f f i c iency ,

and medium-textured-soil  functions have been used.

Source : Gibbons  (1986),  Table  2 -2 .
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Average water values can also be estimated by deriving a series of

so lut ions  for  a  range  o f  water  costs , ho ld ing  a l l  o ther  constra ints  constant .

The solutions yield the profit  maximizing combinations of  inputs and outputs,

inc luding  tota l  i rr igat ion  water ,  for  each  water  cost .  The  set  o f  so lut ions

maps out a demand schedule for irrigation water.

More recently, programming models have been designed which allow for

both  a l ternat ive  leve ls  o f  water  usage  and o f  i r r igat ion  technolog ies .

Houston (1984) and Houston and Whittlesey (1986)

In the Houston (1984) dissertation, a two-stage programming model is

deve loped  to  eva luate  i r r igator  product ion  and  reg ional  pr i ce  responses  to

water and energy conservation policies.  The  f i rs t  s tage  focuses  on  the

decision made at the producer level regarding levels of  input usage and

output mixes. I rr igators  choose  cropping  and i rr igat ion  mixes  and rates  at

expected commodity prices under regional resource constraints.

The  second  s tage  ut i l i zes  the  producer - leve l  so lut ions  in  a  reg ional

a l locat ion  model  to  determine  reg ional  l eve l  e f fec ts  o f  changes  in  pr i ce  and

rat ioning  po l i c ies  for  reg ion  resources , inc luding  inter -area  transfers  o f

conserved water and energy. B a s e l i n e  i r r i g a t e d  a c r e a g e ,  w a t e r ,  e l e c t r i c i t y ,

production and crop prices are estimated from 1982 state crop production

data.

The programming model allowed for changes in water policies;  the

opportuni ty  va lue  o f  water  for  i r r igat ion  was  compared  to  i t s  instream

hydrogeneration value at each diversion location. In the water pricing

scenar io , irrigators were assumed to have fully transfer-able water r i g h t s  and

would sell water which had a higher- marginal value for- hydrogeneration than

for  agr icul tural  product ion .  The ins t r e a n  hydrogenerat ion value was allowed

to  vary  f rom zero  mi l l s  per  KWH to  50m per  KWH. T h e s e  results are shown i n

Tables 5.4 and 5.5.
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Table  5 .4 .  Hydropower Production from Water Sold and Irrigation Electricity
Use in GWH at Alternative Hydropower Values for Selected Production
Areas

Hydropower from Percent  Irr igat ion
Conserved  Water  Base l ine  Irri- Electr i c i ty  Conserved

Surface Water g a t i o n  Electri-
P r o d u c t i o n  A r e a  20m/KWH 40m/KWH c i ty  use 20m/KWH 40m/KWH

F e r r y - S t e v e n s , W A  0  13.51
Columbia Basin,WA 0 603.55
Wenatchee, WA 0 .28
Big Bend East,WA .29 .29
Deschutes, OR 0 .50
John Day, OR .03 .03
Weiser,  ID 34.12 48.68
Boise ,  ID 87.85 212.20
West Side, ID 138.43 272.92
Neely -Mi lner ,  ID 138 .67  150.01

19.85
419.46

69.60
59.69

151.98
15.93
14.92
57.82
88.04
30.44

12.49
3.48

.45
0

Fi
21.65

8 .09
9.64

52.23

29.37
3.75

.47
0
0
0

51.07
72.28
49.14
53.61

Regional Total 5 9 2 . 0 0  1,518.OO 5,660.OO 1.17 3 .09

Source: Houston, J.E.,  and N.K. Whittlesey. 1986. "Modeling Agricultural Water

Markets for Hydropower Production in the Pacific Northwest", Western

Journal  o f  Agr icul tural  Economics ,  ll(2): 221-231.
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Table  5 .5 . Regional Response to Increasing Hydropower Values of Conserved
Water

(1985  Electr i c i ty  Rates )

Type of Response
Mi l l ion

Units

Hydropower Value (m/KWH)

0 10 20 30 40

N e t  r e t u r n s  t o  irrigationa  $ 1,397
Value of  water Bales

z
0

Net farm income 1,397
Consumer surplus $ 2,692
Tota l  i r r igated  acreage acres 8.076
Water diversion a c . - i n . 239.66
Hydroelectric power

from water sales KWH 0
Irr igat ion  e lectr i c i ty  use  KWH 5,660

1,396 1,396 1,398 1,408
5.50 19.60 48.18 76.24

1,402 1,416 1,446 1,484
2,692 2,686 2,670 2,648
8.076 8.059 7.987 7.902

236.97 230.06 221.42 216.64

162 592 1,218 1,518
5,638 5,594 5,565 5,485

Notes:

a. Net  returns  to  i rr igat ion  inc ludes  only  the  va lue  o f  sa les  f rom

agricultural commodities.

b. Net farm income includes the value from crop sales plus the value from

water- sales.

Source: Houston, J.E., and N.K. Whittlesey. 1986. “Modeling Agricultural

Water Markets for Hydropower Production in the Pacific Northwest”,

Western Journal of  Agricultural Economics,  ll(2): 221-231.
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In the water rationing scenario, shown in  Table  5 .6 ,  the  avai lab i l i ty  o f

Columbia River instream flows was parametrically decreased by 5 percent

decrements. Irrigators received no compensation from reduced water rights,

but the model yielded “potential” payments through shadow prices of the

agricultural water use or the change in net returns to producers using

i r r i g a t i o n .  The results of  the water rationing scenario are used in the

illustrative application to the Yakima and Umatilla subbasins,  below.

Houston ’s  reg ional  so lut ion  resul ts  for  both  water  po l i cy  scenar ios

should be interpreted as short run reactions or responses,  since commodity

prices to farmers are held constant at pre-season 1982 expected levels.

Under the water pricing policy, the  net  returns  to  i rr igated  land  increased

by $12 million and the net benefits to farmers by $43 million when water was

exchanged at 40 mills per KWH. The  reduct ion  in  i rr igat ion  water  at  th is

opportunity cost was about 10% of baseline Columbia River diversions.

Houston  s tates  that  these  resul ts  were  not  uni formly  d is tr ibuted  across  a l l

producers in the Columbia River Basin. Irrigators in downstream areas of  the

Columbia River Basin were relatively unaffected by changing hydropower

values , as  the  potent ia l  generat ion  o f  e lec tr i c i ty  f rom conserved  water  in

these areas was relatively minimal.

Under the water rationing scenario, regional net farm incomes rose

despi te  the  lack  o f  compensat ion  for  water  r ight  losses .  The  h igher  returns

resulted from higher equilibrium product prices which resulted from the

solution to the second stage of  the programming model.  For example,  potato

pr ices  rose  near ly  38  percent  with  only  a  10  percent  reduct ion  in  i rr igat ion

water while apple prices rose by 15 percent when water availability was

decreased by 15 percent.  The location adjustments also differed from those

associated with the water pricing scenario,  and more importantly,

i n e f f i c i e n c i e s  r e s u l t e d  f r o m  t h e  f a i l u r e  t o  i n c o r p o r a t e  l o c a t i o n a l

differences in the value of  a unit of  water to hydropower generation.

Production areas in the lower river basin received the same cutbacks as areas

upstream which had higher power- tradeoffs. The shadow values reported in

Table  5 .6  i l lustrate  these  d iscrepanc ies .  In  addi t ion , the concentrated
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Table  5 .6 .  Shadow Prices of Columbia-Snake Water in Selected Production Areas
Under Regional Columbia River Water Rationing

Columbia River Surface Water Allocation

Percentage Reduction from Full

Production Area Full 5 10 15 20

-------------  ($ per acre-inch  ___-__------

Methow,  Okanogan 1.35 1.35 1.35 11.98 11.98
Wenatchee, Chelan 0.82 9.66 9.66 18.58 18.58
Yakima 0 .00  4.27 4.27 5 .70  5 .70
Northside Columbia 0 .00  0 .00  2.03 10.08 10.08
Ferry, Stevens 0.82 0.82 0.82 0.82 2.30
Columbia Basin 1.61 1.61 1.87 1.87 1.87
Big Band East 4.56 4.56 4.56 4.56 4.56
Pend Oreille 0 .00  1.27 3.71 3.71 3.71
Spokane, Kootenai 0 .00  0.00 0 .00  0 .00  0 .00
Palouse, Lower Snake 0.83 0.83 0.83 11.35 11.35
Walla Walla 2.02 2.02 6.53 7.69 7.69
Hood 14.61 14.61 14.61 24.04 24.04
Deschutes 4.88 5.32 5.36 5.88 5.88
John Day 0.00 4.89 4.92 5.38 5.38
Umatilla 2.24 7.15 7.35 10.35 10.35
Grand Ronde 10.42 10.56 10.57 10.73 10.73
Burnt, Powder 6.95 7.51 7.55 8.21 8.21
Owyhee 1.08 1.08 2.78 2.78 2.78
Clearwater, Salmon 0 .00  1.96 3.68 3.68 3.68
Upper Salmon 1.50 1.50 1.50 1.50 1.50
Weiser 0 .00  0.58 0.58 0.58 0.58
Payette 0.36 0.36 0 .36  1.79 1.79
Boise 0.75 0.75 2.24 2.24 2.94
Bruneau 0.49 0.49 2.72 2.72 2.72
West Side 0.63 0.63 2.26 2.26 4.39
Northern Streams 0.37 0.37 0.37 2.68 2.68
Neeley,  Milner 1.22 1.22 1.22 1.22 1.22
Heise,  Neely 0 .00 2.90 2.96 4.23 4.23
Henrys, South Fork 2.04 3.69 3.86 6.411 6.40

Source: Houston (1984),  Table 4.38
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fruit growing areas such as the Yakima, Northside Columbia, Hood, Methow-

Okanogan, and Wenatchee-Chelan, suf fered  substant ia l ly  greater  impacts  o f  an

across - the -board  water  reduct ion  po l i cy .  These  areas  also had relatively
l ittle impact on hydropower potential  that could have been gained, having

lower  cumulat ive  hydropower  potent ia l  a t  the ir  po ints  o f  d ivers ion .  These

shadow values are useful as measures of  the opportunity cost of  water in the

Yakima and Umatilla areas.

Whittlesey (1980) and Butcher et al  (1986)

In  a  s tudy  showing  the  increases  in  the  opportuni ty  costs  o f  i r r igat ion

withdrawals,  Whittlesey, and Butcher et al. , analyzed the tradeoff  between

irrigation and hydropower uses of  the Columbia River system in the period

from 1960 through 1980. They approximated the marginal value of the water by

est imat ing  the  a l ternat ive  cost  o f  prov id ing  the  energy  los t  due  to

diversions as well  as the energy consumed because of  irrigation pumping and

r e l a t e d  e l e c t r i c i t y  u s e .  Pr ior  to  1960 ,  they  report  that  the  opportuni ty

cost  o f  s tream f low d ivers ions , which  i s  de f ined  to  be  equal  to  the  va lue  o f

energy that could have been produced had the water been left  to f low

downstream through the hydropower generators, was small. This was due

pr imari ly  to  the  lack  o f  reservo ir  and turbine  capac i ty ;  the  surplus  water

was simply spilled over the dam.

From 1960 to 1980 the opportunity cost of  an acre foot of  water diverted

to offstream uses increased as more dams were constructed, reservoir capacity

increased, and the  va lue  o f  a l ternat ive  sources  o f  e lec tr i c i ty  increased  f rom

2.5 m per KWH to 35 m per KWH.

McCarl and Ross (1985)

A programming analysis by McCarl and Ross was done to determine the

costs borne by electricity consumers under expanded irrigation from the

Columbia River. This study differs fr-om  the Llhittlesey  and Butcher- et al .

s tudy  in  f ive  aspects :  i t  takes  into  account  the  s tochast i c  nature  o f  year ly
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stream flows; i t  a l lows  e lectr i c i ty  consumers  to  a l ter  the ir  demand behavior

in response to price changes; power lost per foot of  cumulative dam head is

a lso  a l lowed  to  f luctuate  in  response  to  s tream f low leve ls ;  methods  o f

irrigation repayment for power used in diverting water are not f ixed (varies

accord ing  to  model  spec i f i cat ion) ; and  i rr igat ion  d ivers ions  are  not  he ld

constant, but  are  a l lowed to  be  interrupted  in  low f low years .  Whi le  the

data  used  in  the  s tudy  are  too  o ld  to  re ly  heavi ly  on  the  spec i f i c  resul ts ,

the methodology is perhaps closest that which might be employed in future

research, i f  programming methods are chosen to investigate irrigation

opportunity  costs .

In general, the  McCarl and  Ross  s tudy  ver i f ies  the  resul ts  o f  Whit t lesey

and Butcher et al . and shows that electricity consumers and those paying for

the pumping costs incur substantial welfare losses due to proposed irrigation

p r o j e c t s .  Even when producers pay all  of  the pumping costs,  the loss due to

hydropower diverted for the potential  East High project is  nearly $49 per

a c r e  f o o t , or $126 per acre developed.  If  the pumping costs are not absorbed

by the producers, the  losses  are  near ly  double  in  th is  part i cu lar  pro jec t

(Table  5 .7 ,  Pr ic ing  model  2 ) .  For  a l l  f our  areas  cons idered  in  the  analys is ,

the  annual  loss  o f  e lec tr i c i ty  i s  c lose  to  $100  per  acre ,  and  exceeds  $200

per acre if  the government delivers the water to the farm gate.

Unfortunately, McCarl and Ross did not provide any estimates of  the

economic  va lue  o f  water  ( in  $  per  acre  foot )  that  would  be  use fu l  to  the

immediate  ob ject ives  o f  th is  chapter .

CROSS STUDY COMPARISONS

To provide for some limited cross-study comparisons,  the w a t e r  values

reported for the most of the econometric and programming studies have been

converted to 1984 and 1985 units.  These are shown in Table 5.8. In an

effort to maintain some consistency with the calculations done by Gibbons

(1986),  the adjustments have been made using the indices of  prices received

by  farmers  repot - ted  in  Agricultulal Stat is t i cs ,  1979  and 1986 .  These
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Notes to Table 5.7:

a. MVP estimates generated by the linear regression equations when the

quant i ty  o f  the  i rr igat ion  var iab les  (X6)  was  d iv ided  by  the  constants  .75

a n d  .50, r e s p e c t i v e l y .

b. Weighted average assessment per acre (including operation and maintenance

costs )  by  area  for  73  i rr igat ion  d is tr i c ts  in  Oregon in  1966 . Weights

were  i rr igable  acres  in  each  d is tr i c t . Convers ions  to  a  per  acre - foot

basis were made on the basis of  average delivery rates reported by Oregon

irr igat ion  organizat ions  in  the  1959  Irr igat ion  Census . These rates were

3 .52 ,  3 .15 ,  2 .60 ,  3 .72 ,  and 3 .13  acre - feet  per  acre  for  Areas  A through E,

r e s p e c t i v e l y . Additional data for three individual Bureau of  Reclamation

pro jec ts  in  Oregon  (Area  A)  indicated  recent  pr i ces  o f  $1 .50  to  $2 .00  per

acre - foot  o f  water  de l ivered . Pr ices  for  the  water  de l ivered  to  farmers

in the Columbia Basin project (mostly in Areas A and C) range from $2.50

to  $3 .00  per  acre - foot  in  recent  years . Water prices for an estimated 25

percent of  the irrigated acreage in the Snake River Valley of  Idaho are

usual ly  $2 .00  to  $2 .50  per  acre - foot .

C . Avai lab le  data  for  spr inkler  i rr igat ion  costs  per  acre - foot  in  the

Willamette Valley in Oregon (primarily Area E) and in the deep well

irrigation of eastern Washington (primarily Area C) include pumping and

d i s t r i b u t i o n  c o s t s . These estimates are not representative of  average

farmer  i rr igat ion  costs  at  the  appl i cat ion  po int ,  but  rather  the  upper

po int  on  a  range  o f  costs  s ince  o ther  d is tr ibut ion  systems are  less

c o s t l y . The  average  pr i ce  for  water  at  the  appl i cat ion  po int  would  l ike ly

be considerably below these estimates.

d. Estimates based on data from Bureau of Reclamation projects in the region.

These  est imates  inc lude  the  or ig inal  investment  cost  per  acre ,  ad justed  to

1964 prices, a one-hundred year l i fe expectancy,  and a 5 percent

opportunity cost for underpredicted investment.

Source: McCarl, B .A. ,  and M.  Ross .  1985. “The Cost Borne by Electricity

Consumers under Expanded 11.rigation fL-om the Columbia River”,  Water

Resources Research, 21:  1319-1328.
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Table  5 .8 . Cross-gtudy  Comparison of Water Value, Converted to 1984 and 1985
Values

Source Water Value

Original Year 1984
- - - - - - - - - - - - - - - - - - - - - - - $ p e r  a c r e  f o o t - - - -

A. Econometric Studies

Holloway and Stevens (1964)
(1973)

(1964)

Gibbons (1986) (1980,
wheat)

(1980, sugar
beets )

(1980,
potatoes)

Frank and Beattie
(1979) (1978,

short run)

B. Programming Studies

Gibbons (1986) (1980, hops)
(1980,
a l f a l f a )

(1980, corn)

7.61b 20.88

10. 15c 27.40

59. OOd 51.33 47.79

144. OOd 171.36 162.72

282. OOd 335.58 318.66

3.33 4.39 3 .80

10.00

10.00
31.00

8 .70 8 .10

11.00
34.1

9 .20
28.52
42.12

119.34
131.58

(1980, wheat) 52.00 45.24
(1980, pears) 78.00 134.16
(1980, apples) 86.00 147.92

Houston (1984) (1985, Yakima)e - - - -
(1985, Umatilla)e - - - -

1985
----------

18.82

25.38

51.24
85.80

Notes:
a. Values for the original years have been converted to 1984 and 1985 using

the  pr ices  rece ived  by  farmers  as  reported  in  Agr icul tural  Stat is t i cs . The
prices used for 198.5 are preliminary. No adjustments have been made for
changes in technology or changes in factor prices.

b. At  de l ivery  po int .

C . At  appl i cat ion  po int .

d. 10 percent reduction from yield maximizing levels.

e . 10 percent reduction from full  water allocation under the water rationing
p o l i c y .
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adjusted values should be regarded as crude approximations at best, s i n c e

many factors have not been taken into account. These include changes in

technology, changes in product mixes, and/or  changes  in  factor  pr ices  that

have occurred between 198411985 and the time the original studies were

undertaken.

Among the three econometric studies, the Holloway and Stevens study most

c lose ly  re f lec ts  economic  (marginal )  va lues  for  the  subbas ins  o f  interest .

However, the main limitation of  the adjusted estimates from the Holloway and

Stevens study is the fact that adjustments have not been made to a 20 year

o ld  data  set  for  technology , input price and output mix changes. The results

reported by Gibbons are based on controlled experimental data and represent a

10 percent reduction from yield maximizing output levels. This bears no

relation to an economic value.

Of the two programming studies, the Houston study is perhaps the most

up-to-date and relevant for the objective at hand, although the McCarl and

Ross study is perhaps preferable on methodological grounds. Houston provides

the changes in the shadow value of water when the quantity of water is

reduced by 10% in the Yakima and Umatilla regions.

Estimates of  the Impacts of  New Irrigation Projects

In  addi t ion  to  the  economic  s tudies  on  the  va lue  o f  i r r igat ion  water ,

other research related to opportunity cost measurement involves the

evaluat ion  o f  future  i rr igat ion  deve lopment . The opportunity cost of  water

rea l located  to  agr i cu l ture  i s  re f lec ted  in  the  va lue  o f  the  los t  hydropower ,

rather  than in  a  do l lar  va lue  uni t . Two o f  these  s tudies  are  very  br ie f ly

noted  in  th is  sect ion . The Whittlesey (1980), the Butcher et al  (1?86),  and

the  McCarl and  Ross  (1985)  s tudies  d iscussed  above  a lso  fa l l  into  th is

category .
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Corps of  Engineers (1976)

The thrust of  this study was to identify and evaluate the impacts of

alternative future irrigation development levels and minimum instream flow

r a t e s .  Two scenarios were considered: an increase in the amount of  irrigated

land by  3  mi l l ion  acres ; and an  increase  o f  4 .2  mi l l ion  acres .  They

estimated that 770 MW of power would be lost under the f irst scenario,  and

approximated 966 MW under the second scenario. These estimates were obtained

from the Corps of  Engineers ’ Hydro System Seasonal Regulation computer

program, and did not reflect the increased amounts of  power that would be

used in transporting and applying irrigation water.

Davis (1979)

The purpose of  the Davis study was to establish a baseline projection of

the impact of  existing and projected new irrigation development on the

hydropower system in the region. The baseline assumed that current (1975?)

transportation and application efficiencies and water and energy use rates

would prevail .  The projected increase in irrigation development was

approximately 4 million acres in Oregon, Washington, and Idaho. The findings

of  th is  s tudy  were  that  the  ent ire  i rr igat ion  act iv i t ies  in  the  reg ion  (which

were approximately 11.4 million acres including the projected 4 mill ion new

acres )  would  resul t  in  a  to ta l  deplet ion  o f  22  mi l l i on  acre - feet .  The

forgone hydropower would be 2,032 MW and the pumping and transportation would

consume another 1,176 MW.

APPLICATION TO THE YAKIMA AND UMATILLA

This  sect ion  i s  an  example  o f  a  p i lo t  appl i cat ion  o f  the  pr i c ing

information reviewed above to the Yakima and Umatilla subbasins. This sample

appl i cat ion  i s  per formed in  order  to  demonstrate  a  t r ia l  usage  o f  ex is t ing

studies as they might be applied to two areas of  the Columbia River Basin

that have been identified by the Northwest Power Planning Council as having

part i cu lar ly  acute  conf l i c ts  between i rr igat ion  withdrawals  and f i sh  passage
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and production. We wish to emphasize that this is only intended to be a

i l lustrat ive  example  o f  how prev ious  work  could  be  used ;  i t  i s  de f in i te ly  not

meant as the final word on how such an approach would work in practice.  As

noted  in  the  introduct ion , th is  type  o f  analys is  expl i c i t ly  assumes  the

existence of water rights markets in the region, and further assumes that

water rights could be purchased with the express intention of  not using the

w a t e r  f o r  i r r i g a t i o n ,  b u t  i n s t e a d  u s i n g  i t  t o  a s s i s t  i n  r e s t o r a t i o n  o f  t h e

salmon runs. This exercise is not meant to advocate the establishment of

markets in irrigation withdrawal rights, but simply to point the way toward

how an opportunity cost analysis might proceed.

The Yakima basin water supply problems are explained in detail  in Section

(803) (a )  o f  the  Counci l ’ s  1987  Fish  and Wi ld l i fe  Program.  Br ie f ly ,  however ,

they can be described as follows. The demand for irrigation water in the

Yakima is a substantial portion of the subbasin’s natural f lows, and the

demand is concentrated in periods when those f lows are very low. Although the

subbasin  already has a number of  storage reservoirs,  the Council  has proposed

that  addi t ional  s torage  fac i l i t ies  be  constructed  in  order  to  augment

instream flows to benefit  the salmon and steelhead stocks that spawn in the

area. The Council  has also urged responsible parties in the area to enhance

existing water conservation efforts and perhaps to undertake some new

measures, such  as  pressur ized  de l ivery  systems instead  o f  open  canals .  In

the Umatilla, the Council  has proposed that f lows in the Umatilla be

augmented with water pumped directly from the Columbia River, with the

ob jec t ive  o f  enhanc ing  f lows  for  f i sh  ( see  Sect ion  (703)(a)(17)  o f  the  1987

Program). A l t h o u g h  t h e  C o u n c i l  i s  c l e a r l y  s e n s i t i v e  t o  p o s s i b i l i t i e s  f o r

decreasing the demand for irrigation water in both subbasins,  there are

limits to what they can accomplish on the demand side under the terms of the

Regional Act, and  the  proposa ls  to  increase  water  supply  wi l l  be  cost ly  to

implement. This  suggests  (at  least  to  economists )  that  market  a l ternat ives .

and in particular water rights markets, may be w o r t h  investigating.

Even taking  water r ights  markets  as  “g iven” ,  several addi t ional

assumptions  are  required  in  order to  perform the  p i lo t  analys is .  Firs t ,
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since both the Yakima and Umatilla supply augmentation programs are still in

the planning stages, it  will  be necessary to assume some quantities of

augmentation, or  converse ly , to assume quantities for reductions in

irrigation withdrawals that are ecologically symmetric with augmented flows.

Second, one would ideally l ike to have a marginal will ingness-to-pay schedule

for each subbasin  “mapped out” in small  increments over a wide range of

proposed changes in f lows. Instead, the data presently available are point

estimates of  the marginal productivity of  water that apply over broad ranges

of withdrawals.  It  should also be noted that by reducing withdrawals,  there

might  be  addi t ional  benef i ts  to  the  f i sh  populat ions ,  espec ia l ly  s ince

return f lows , which generally are of  low quality,  would also be reduced. In

addi t ion , there may be effects on regional commodity prices,  i f  crop

production patterns changed markedly as a result of  the decrease in

i r r i g a t i o n .  Final ly , regional electricity consumption would decrease to the

extent that the water rights being purchased apply to water that is pumped

w i t h  e l e c t r i c i t y .  Therefore,  th is  can  only  be  cons idered  an  i l lustrat ive

example of  the type of  analysis that might eventually be performed if  better

pr ic ing  in format ion  were  avai lab le .

Houston and Whittlesey (1985, p. 52) report that the Yakima basin

diverted  about  3  mi l l i on  acre - feet  o f  i r r igat ion  water  in  1982  ( sur face  water

d i v e r s i o n ) , and that about 430,000 acre-feet of  surface water were diverted

in the Umatilla that same year. The questions that one would l ike to answer

are : at what price would water rights change hands; and what would be the

tota l  do l lar  va lue  o f  the  exchange .  The motivation for the exchange from the

purchaser’s viewpoint would,  of  course,  be to “save” the water to enhance

f l o w s  f o r  f i s h , with water rights presumably being purchased by some regional

author i ty .  The motivation from the seller’s end would be to make more money

by  se l l ing  the  water  than by  apply ing  i t  to  crops .  Whi le  deta i led  pr i c ing

informat ion  i s  not  present ly  avai lab le ,  some “ f lavor”  for  what  the  resul ts

might be can be gained from an analysis of  Table 5.6.  The table contains the

results of  Houston and Whittlesey’s analysis for water rationing, showing

shadow prices for incremental percentage reduction in water rights.  I f ,  f o r

example, one were to reduce surface water withdrawals by 5 percent in the
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Yakima, the marginal value of  the last acre-inch of  water not used for

i rr igat ion  would  be  $4 .27 .  In the Umatilla, the marginal value for the same

percentage reduction would be somewhat higher,  at $7.15 per acre-inch. Note

that these numbers are only proxies the marginal price of  reducing total

withdrawals via some sort of rights purchase mechanism. They represent the

minimum prices for which a farm would sell  its rights,  not the price at which

the sale would actually take place.  Also, it  appears from the study that

these shadow prices are derived by considering subbasins as homogenous units;

a more detailed analysis would probably produce different shadow prices.

Having made these many assumptions, the  ar i thmet ic  turns  out  to  be  qui te

stra ight - forward .  Assume that the aim is to increase flows or decrease

withdrawals on the Yakima by 300,000 acre-feet per year. What would purchase

of  r ights  cost  in  order  to  accompl ish  th is?  From Table 5.6 we find that the

shadow pr ice  per  acre - inch  o f  water  at  5  percent  reduct ion  i s  $4 .27  per  acre-

inch, and for  a  10  percent  reduct ion  i t  i s  a lso  $4 .27 .  The goal of  300,000

acre-feet is about 10 percent of  the annual withdrawals,  so the annual cost

of rights purchase would be :

(300 ,000  acre - feet )  * ($4 .27  per  acre - inch)  *  (12  inches  per  foot )

or approximately $15.3 million per year. A s imi lar  ca lculat ion  i s  shown for

the Umatilla, assuming a 10 percent purchase (of  the 430,000 acre-feet per

year withdrawn in 1982) and that the same price ( i .e. ,  the shadow price for

10  percent  reduct ion)  i s  pa id  for  a l l  r ights  purchased :

( 4 3 , 0 0 0  a c r e - f e e t )  -% ( $7 .35  per  acre - inch) * ( 1 2  i n c h e s  p e r  f o o t )

or about  $3 .8  mi l l ion  per  year .

These examples are extended in Table 5.9 for different percentage

reductions from base case water withdrawals.

These are simple, i l lustrative examples of  how the pricing information

from previous work could be applied to the Columbia. While these values
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Table 5.9.  Il lustrative Costs of  Irrigation Trades for the Yakima and Umatilla

Reduction
Scenarioa

Yakima Umatilla

Amount Marginal Marginal
Purchased c o s t

Total Cosg Amount
(S/Yr. 1 Purchased c o s t

T o t a l  Cos&
(S/Yr. >

(AF/Yr.) (S/f@) (AF/Yr.) ($/AF)

5 %  150,000 $51.24 $7,686,000

10 % 300,000 $51.24 $15,372,000

15 % 450,000 $68.40 $30,780,000

20 % 600,000 $ 6 8 . 4 0  $41,040,000

21,500 $85.80 $1,844,700

43,000 $88.20 $3,792,600

64,500 $124.20 $8,010,900

86,000 $124.20 $10,681,200

Notes:

a. The annual base case withdrawals for the Yakima and Umatilla are assumed to be
3,000,OOO  AF and 430,000 AF, respectively.

b. Total Cost is annual amount purchased multiplied by the marginal cost.
This assumes that the purchaser is not a monopsonist, and cannot discriminate
among perspective sellers.



appear high, this may be due to the nature of  the crops grown in the

subbasins. To obtain more accurate estimates of  actual costs and how such a

market  might  rea l ly  operate  wi l l  require  cons iderable  addi t ional  e f for t .

INSTITUTIONAL BARRIERS AND POTENTIAL BENEFITS OF IRRIGATION RIGHTS MARKETS

This  sect ion  i s  concerned  with  the  inst i tut ional  barr iers  to  t rading  in

i r r i g a t i o n  r i g h t s , and  with  the  potent ia l  benef i ts  o f  such  trades  i f  they

were permit ted. In economic terms, the barriers can be thought of  as

prohib i t ive ly  h igh  transact ion  costs .  The  potent ia l  benef i ts  are  Pareto-

improvements for both present irrigators and for government agencies,

including BPA, t h a t  h a v e  r e s p o n s i b i l i t i e s  f o r  f i s h  m i t i g a t i o n  a c t i v i t i e s .

The remarks that follow are meant to apply to the entire basin, and not just

to the Yakima and Umatilla.

Before discussing the problems with instituting water rights markets in

the Columbia basin, it  should be pointed out that there are some limited

areas in the West where water rights are freely traded, both among

irrigators and between irrigators and other water users (see Frederick and

Kneese,  1 9 8 8 ,  f o r  d e t a i l s ) .  In  the  context  o f  f i sh  mit igat ion ,  for  example ,

a trade was recently arranged between irrigation and wildlife management

agencies in the Upper Colorado (Water Market Update, 1988). The regions with

act ive  r ights  markets  seem to  have  several  character is t i cs  that  d i f ferent iate

them from the Pacific Northwest. The  f i rs t  i s  that  they  are  pr imari ly

located in areas where surface water has always been a scarce resource.  This

is  in  contrast  to  the  Pac i f i c  Northwest , where  perce ived  scarc i ty  i s  a

relatively recent phenomenon. The  second i s  that  s tate  or  reg ional

irrigation authorities were empower-ed to supervise and administer both water

distribution and trades at about the same time that the water became

a v a i l a b l e  f o r  u s e  b y  agriculture. Final ly , ownership of  water-  potentially

available for trading is generally much more clear--cut in areas wi th ac tive

markets, and, at  least  in  some cases , i s  separable  f rom the  land  to  whi ch  the

water has traditionally been applied.
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There  are  severa l  c lasses  o f  inst i tut ional  barr iers  to  Northwest  reg ional

markets in water rights.  These  are  d iscussed  in  deta i l  in  Butcher  e t  a l .

(1986),  in  the  context  o f  expanding  the  reg ion ’ s  i r r igated  acreage ,  and  are

not repeated here.  Instead, we attempt to outline the major potential

problems with setting up water rights markets. This  d iscuss ion  wi l l  be

conf ined  to  fa i r ly  genera l  l ega l  and  inst i tut ional  cons iderat ions ,  and  wi l l

not  touch  on  part i cu lar  laws  and agenc ies  re lated  to  reg ional  water  r ights .

The  context  for  the  d iscuss ion  i s  the  reduct ion  o f  i r r igat ion  withdrawals  in

order  to  increase  instream f lows  for  the  purpose  o f  mit igat ing  impacts  on  the

anadromous fish populations. It  is assumed that irrigators would only

participate in such a market if  it  would benefit  them economically,  by

producing more income from selling water rights than could be gained by using

the  water  for  i rr igat ion .

In  order  to  understand the  inst i tut ional  restr i c t ions  on  trading ,  i t  i s

useful to consider the background of irrigation development in the region.

Up until  the Great Depression, there were few large-scale public water works

in  the  reg ion , and most irrigation was conducted on a small scale,  by

indiv idual  farmers  or  smal l  groups  construct ing  re lat ive ly  pr imit ive

divers ion  s tructures  and conveying  water  to  f i e lds  v ia  s imple  gravi ty - fed

systems. Storage capacity was very small  relative to annual f lows, and so

any water not diverted was in effect wasted, in so far as consumptive uses of

the water were concerned. Under these conditions, the  fo l lowing  doctr ines

were developed. F i r s t , in-stream use of water was subordinated to

“appropr iat ive” u s e  f o r  i r r i g a t i o n .  Second, where  formal  a l locat ion  o f

i rr igat ion  water  was  required ,  the  “senior” irrigator(s)  who had been the

first to divert the water were considered to have rights that superseded

t h o s e  o f  “ j u n i o r ”  i r r i g a t o r s , who had not begun their diversion activities

unt i l  a f ter  the  senior  d iverters  had  the ir  r ights  establ i shed .  The

irr igators  were  required  to  put  the  water  to  “benef i c ia l ”  use ,  which  in

practice simply meant that it  was to be used to grow crops,  and not wasted

indiscr iminate ly .  So  long  as  i rr igators  d id  apply  the ir  water  to  benef i c ia l

use, they were effectively entitled to as much water as they could physically

obta in , s u b j e c t  t o  t h e  j u n i o r / s e n i o r  restrictions. The  intent  o f  the
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beneficial-use provision was to prevent withdrawals that simply interfered

with  others ’ use of  the water.  Whi le  the  i rr igators  were  loose ly  regulated

b y  a  v a r i e t y  o f  s t a t e  a n d  l o c a l  i n s t i t u t i o n s , they  were  not  very  s tr i c t ly

supervised so long as abundant steamflow was available.

These  po l i c ies , whi le  certa in ly  not  promot ing  e f f i c ient  use  o f  the

resource , were not a serious problem so long as withdrawals comprised a

modest  port ion  o f  f l ows  (at  l east  under  normal  f l ow condi t ions ) ,  and  so  long

as  there  was  l i t t le  or  no  demand for  instream uses  o f  the  r ivers .  Problems

began to arise as withdrawals increased relative to f lows, and as demands for

instream use  o f  the  water  increased .  In the Columbia basin, three

developments lay behind the increased consumptive and instream demands.

F i r s t , wi th  the  complet ion  o f  the  Grand Coulee  pro jec t ,  i r r igators  could

withdraw much more water, and pump it to much greater heights. This trend

continued with the completion of  other hydro projects in the basin. Second,

as hydropower and storage project development continued, much less of  the

spring and early summer flows were left  in the river, as much of it  could be

stored for  use in in hydropower production later in the year.  Final ly ,  with

the passage of  the Regional Act in 1980, f i sh  and  wi ld l i f e  are  to  be  accorded

equitable treatment with power interests, which  indirect ly  increases  the  need

f o r  instream f l o w s .

This combination has made water a scarce resource,  in the economic sense

of the term. Instream  flows are needed both by irrigation, hydropower,  and

fisheries management interests; and  f lows  are  at  present  fu l ly  a l located .

Therefore, in  order  to  increase  instream f lows  for  f i sh  habi tat  and  passage ,

f lows  must  be  re -a l located  f rom irr igat ion ,  hydropower ,  or  both .

Unfortunately, although the research reviewed above on the economic value

o f  irrigation w a t e r  i n d i c a t e s  t h a t  b o t h  i r r i g a t o r s ,  f i s h e r i e s ,  and

hydropower  interests  could  be  made  bet ter  o f f  as  a  resul t  o f  marketing

irr igat ion  water  r ights , t h e r e  a r e  formidable i n s t i t u t i o n a l  barriers t o  s u c h

a n  a c t i v i t y .  The  barr iers  are  a  resul t  o f  the  re lat ive ly  abundant

streamflows  that prevailed at the time that irrigation laws and management
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agenc ies  were  inst i tuted , and the emphasis on providing irrigation water

suppl ies  as  inexpens ive ly  as  poss ib le , from the viewpoint of  the individual

i r r i g a t o r s .  These factors have resulted in both poorly defined property

r ights  and high transact ion  costs .

The  property  r ights  to  water  are  unc lear  because  o f  the  “use i t  or  l ose

i t ”  nature  o f  the  withdrawal  r ights .  Unless  the  water  i s  put  to  benef i c ia l

use, rights to the withdrawal can be lost.  Under  these  c i rcumstances ,  i t  i s

a lmost  imposs ib le  for  an  i rr igator  to  lease  or  se l l  the ir  r ights  to  another

party. In  addi t ion , th ird -party  interests  must  be  protected  in  any  re -

a l l o c a t i o n , usual ly  so  that  downstream users  o f  return  f lows  wi l l  s t i l l  have

water available to them. Establ i sh ing  that  these  interests  are  protected  in

a  t r a d e  i s , i n  p r a c t i c e , almost impossible in areas where there are no

agencies designed to manage trading, and resul ts  in  prohib i t ive ly  h igh

transact ion  costs .  As noted above, however, there are areas in the West

(especially in New Mexico and Colorado) where state agencies take an active

r o l e  i n  f a c i l i t a t i n g  t r a d e  o r  s a l e  o f  w a t e r  r i g h t s  a n d  i n  p r o t e c t i o n  o f

th ird-party  interests .  Final ly , the  lega l  s tatus  o f  t rades  between s tates

and between basins is problematic, and state agencies in the region are not

equipped to administer trades in any case.

The potential benefits from trades are high, however,  and may justify the

po l i t i ca l  and  economic  costs  o f  modi fy ing  the  inst i tut ional  and  legal

apparatus needed to make trading and sale of  irrigation rights practical.

The economic benefits include increasing income for irrigators and reducing

both  costs  o f  f l ow modi f i cat ion  for  f i sh  and  the  costs  o f  hydropower .

The income to irrigators could be increased because, under present

arrangements, farmers in many parts of the Columbia Basin are using large

amounts  o f  water  to  produce  re lat ive ly  low-valued  C L - o p s ,  inc luding  pasturage ,

wheat, and  f ie ld  corn .  Assuming that a “grandfather” clause allowed present

irr igators  the  r ight  to  the ir  past  water  a l locat ions  for  f ree ,  pre l iminary

evidence  suggests  that  they  might  well be  ab le  to  market  the ir  water r ights

for considerably more than the net value of  of  the crops produced using the
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water. Thus, many farms might well make more money by selling water rights

than by  se l l ing  crops .

For  an  agency  or  author i ty  with  respons ib i l i ty  for  f i sh  mit igat ion

a c t i v i t i e s , purchase of  rights may well  be the least expensive method for

augmenting flows for fish habitat and passage improvement. The  a l ternat ives

to rights purchase, inc luding  construct ion  o f  addi t ional  s torage  reservo irs

and pumping water from larger rivers uphill  to smaller tributaries,  tend to

have  h igh  capi ta l  costs .  I f  a t  some future  t ime i t  turns  out  that  f low

augmentation is not the best way to mitigate fishery impacts,  the capital

costs cannot be recovered. In  contrast , short - term leases  o f  water  r ights

would be a much more flexible management alternative for a mitigation agency.

The hydropower production of the basin could also be enhanced

substant ia l ly  us ing  i rr igat ion  r ights  purchases .  Whi le  th is  i s  obv ious  to

even the most casual observation, a somewhat more subtle point is that f irm

power  product ion  could  a lso  be  increased  (Whit t lesey  e t  a l . ,  1986) .  I f  t h i s

w e r e  i n s t i t u t i o n a l l y  f e a s i b l e , then the region’s use of  expensive thermal

power  sources  could  probably  be  reduced  s igni f i cant ly ,  resul t ing  in  lower

e lectr i c i ty  pr ices  for  consumers .

Quant i fy ing  these  benef i ts  i s  not  easy ,  o f  course .  Whi le  at tempts  have

been  made  in  the  l i terature  c i ted  above  to  do  th is  on  a  case -by-case  bas is ,

no  e f for t  has  been  made  to  do  so  in  the  requis i te  deta i l  f or  the  bas in  as  a

whole. Whi le  such  an  e f for t  would  be  a  major  undertaking ,  i t  i s ,  f or  the

most part, a straight-forward extension of  work that has already been done by

Houston, Whittlesey, and others.  One important exception to this

genera l izat ion  i s  that  i f  water  were  re -a l located  on  a  large  sca le ,  the

operation of  the hydrosystem would need to be re-optimized in order to

account for the additional water available for power generation. In addition

to the empirical work, a d d i t i o n a l  research w o u l d  b e  r e q u i r e d  on how t h e

present institutional and legal framework could be changed to accomodate

trades  and sa les  o f  water  r ights .  Al though these are very sensi t ilve
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p o l i t i c a l  i s s u e s , the  potent ia l  benef i ts  to  a l l  part ies  concerned  suggests

that they may well be worth pursuing.

TOWARDS EMPIRICAL IMPLEMENTATION

In this chapter we have focused on methods for quantifying the

opportuni ty  cost  o f  water  a l located  to  f i sh  enhancement  act iv i t ies .  In doing

so  we  have  f i rs t  spec i f i ed  a  framework which minimizes the cost of achieving

some des ired  leve l  o f  f i sh  runs , and then proceeded to suggest methodologies

to measure the shadow values of water in the two major market uses of water

from the Columbia River system, irrigated agriculture and hydropower.

Final ly , we have provided a brief summary of empirical research on the

economic  va lue  o f  i r r igat ion  water  and  on  a  re lated  i ssue ,  the  t radeof f  in

the use of  stream flows for irrigation development or hydropower generation.

The  opportuni ty  cost  o f  water  i s  de f ined  in  terms o f  the  returns  at  the

margin  in  i ts  a l ternat ive  uses .  The  bas ic  idea  i s  that  the  cost  o f  any

strategy  f o r  rea l locat ion  o f  scarce  instream f lows  can  be  measured  by  the

value of  the best alternative that must be foregone.  The opportunity cost

concept  i s  part i cu lar ly  use fu l  in  c lar i fy ing  the  a l ternat ives  inherent  in

making choices which involve use of l imited resources.  The range of

alternative uses of  a resource will  depend upon the time period allowed for

adjustment  or  the  t ime f rame o f  the  analys is ;  in  the  short  run,  a l ternat ives

may be quite l imited, and as  a  resul t  the  opportuni ty  costs  are  re lat ive ly

small.

More  spec i f i ca l ly , the previous discussion has suggested two approaches

to quantifying the opportunity cost both of  which are based on neoclassical

product ion  analys is .  The  f i rs t  requires  est imat ion  o f  the  long  run

product ion  funct ion , o r  i t s  d u a l  c o s t  f u n c t i o n .  This would require

information on the cost of  adopting the alternative technology, and the

ef fec ts  on  long  run pro f i t  maximiz ing  leve ls  o f  the  o ther  inputs .  This  type

of  analys is  could  be done using engineering-econometric approaches.  The

second approach was based on the used of  restricted cost and profit  function

models. This  wi l l ingness  to  pay  funct ion  or the shadow value for the surface
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w a t e r  is used to measure  the opportunity  cost of the resource to the
agr icul tural  producers .

One method to obtain information on the will ingness to pay would be to

use a survey method which simply asks what these functions are.  A

will ingness to pay survey would need to be very carefully designed, in order

to elicit  accurate estimates of  farm owners’  real demand functions.  A second

method would be to util ize econometric techniques to estimate the parameters

f o r  t h e  f u n c t i o n a l  f o r m s  f o r  t h e  r e s t r i c t e d  p r o f i t  o r  r e s t r i c t e d  c o s t

funct ion .  The functional forms chosen should be flexible,  providing a second

order  approx imat ion  to  any  arb i trary  twice  cont inuous ly  d i f ferent iab le

funct ion .  Examples include the translog and generalized Leontief  functional

forms. The econometric model would consist of  the profit  or cost function

and the set of  share equations for the variable inputs and outputs.  This

approach  wi l l  prov ide  an  indicat ion  o f  the  s tat is t i ca l  s igni f i cance  o f  the

opportuni ty  cost  est imates .  Econometric estimation of  these temporary

equilibrium models appears to be the most promising means of obtaining an

proxy  for  the  shadow value  o f  sur face  water  to  i rr igated  agr icu l ture  in  the

Pacific Northwest.

To estimate these short run production models one would need pooled

cross  sect ion- t ime ser ies  data  on  the  pr i ces  and  quant i t ies  o f  the  outputs

and inputs in each major irrigated area. In the past, the Census of

Agriculture data has been used for many of the econometric studies as noted

above. However, since 1969, this data set no longer provides information on

the amount of irrigation. In  order  to  ut i l i ze  the  Census  o f  Agr icu l ture  data

one  would  need  to  co l lec t  addi t ional  data  on  the  i rr igat ion  var iab les  in  such

a way that it  matched up with the remaining Census information. Some of these

data may already exist at various universities (Oregon State UniveL-sity,

Washington State University, University of Idaho) and could be supplemented

by additional surveys. In i t ia l  d iscuss ions  \,Ii  th  var ious  researchers  at  these

inst i tut ions  indicated  that  such infol-mation  !,/ould requil-e addi t ional

“legwork” , b u t  i t  \,ias p r o b a b l y  a  f e a s i b l e  under-taking.

11-5-37



We would also need information on the degree to which the crops grown in

these areas are government supported crops. With the exception of  wheat,  the

other  major  crops , - -  apples ,  vegetables ,  potatoes ,  and  a l fa l fa - -  are  not

d i r e c t l y  a f f e c t e d  b y  s u p p o r t  o r  t a r g e t  p r i c e s .  A s  a  r e s u l t ,  t h e  a g r i c u l t u r a l

pr ices  for  these  lat ter  crops  may adequate ly  re f lec t  market  condi t ions .  For

wheat, one would want to adjust the reported prices for the government

induced distortions in the years when the commodity programs were binding.

Informat ion  on  the  leve l  o f  government  supported  crops ,  by  s tate ,  i s  readi ly

available from the USDA.

A second source of  information would be crop budgets.  Most of  the

programming models which estimated an economic value for irrigation water

relied on these budgets, which are generated by the Cooperative Extension

Services in Washington, Oregon, and Idaho. For these budgets,  the production

p r a c t i c e s ,  c o s t s , and product prices are based on a specific  cropping season

or  indexed  to  a  part i cu lar  year . A  fa i r ly  deta i led  d iscuss ion  o f  the  crop

budgets can be found in Houston and Whittlesey (1985, pp. 37-41).

If  one is satisfied with the use of  programming models and the

associated crop budgets to provide adequate measures of  opportunity costs,

then a fairly direct means for further development of  empirical estimates

would be to extend and update the Houston-Whittlesey model. This  i s  not

qui te  as  s imple  as  i t  sounds , s ince  i t  would  f i rs t  invo lve  updat ing  the

production area farm models and crop production activities,  and then updating

the production cost budgets. Finally,  one would want to adjust the

constra ints  in  the  model  to  re f lec t  the  resource  constra ints  as  wel l  as  the

modified production area constraints.

It  appears that studies involving further refinement of  water response

re lat ionships  and de f i c i t  i r r igat ion ,  and intraseasonal water- scheduling, as

wel l  as  a l lowing  for  long  run a l ternat ive  i rr igat ion  technolog ies  would

b e t t e r  r e f l e c t  t h e  r o l e  o f  i r r i g a t i o n  i n  t h e  r e g i o n ’ s  a g r i c u l t u r a l  s e c t o r s ,

and provide better estimates of  the economic value  o f  the  i rr igat ion  water .
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For estimating the opportunity cost of  water used in the hydropower

s e c t o r , the methods are even less direct.  The  publ i c ly  regulated  rate

structure  for  pr ic ing  e lectr i c i ty  and the  current  excess  capac i ty  in  power

generation obscure the connection between observed prices and opportunity

c o s t s .  V i r t u a l l y  a l l  e l e c t r i c  u t i l i t i e s  b a s e  t h e i r  p r i c i n g  o n  a v e r a g e  c o s t s .

S ince  these  rates  do  not  re f lec t  the  marginal  cost  o f  product ion ,  the

opportunity cost cannot be determined solely from market prices.

The conventional approach to assessing the opportunity cost of  the lost

streamflows has been to use the replacement cost methods. This amounts to

evaluat ing  the  foregone  output  in  terms o f  the  costs  o f  the  a l ternat ive

(thermal) plant that would be required in the system to replace the

hydropower capacity.  This is a valid means of  evaluating the opportunity

costs i f  it  has already been determined that the output should be produced.

The  rep lacement  cost  appears  to  be  less  just i f i ed  dur ing  per iods  o f

excess  capac i ty .  Under these conditions one needs to value the lost output

i n  t e r m s  o f  i t s  s o c i a l  v a l u e , which will vary annually depending on the

annual  f l ow leve ls .  Given the current surplus of f irm and nonfirm energy in

the region, the social  value of  the lost hydropower may be equivalent to the

potential  net revenues from sales outside the region.

This suggests that quantifying the opportunity costs of  water

rea l located  f rom hydropower  wi l l  require  a  care fu l  scrut iny  o f  the  f low

levels and the market conditions at the time. The latter information may be

contained in the electricity demand projections which are performed by the

p u b l i c  u t i l i t i e s . To  s imply  ut i l i ze  a  s ing le  rate ,  such  as  the  reported

r e p l a c e m e n t  c o s t  f o r  f i r m  p o w e r  from a thermal  plant,  is likely to overstate
the true s o c i a l  cost of the streamflows diverted  from this  sector.
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Chapter 6

Data Needs for Proposed Pilot Study

INTRODUCTION

This chapter describes the data that would be needed for a pilot study

of a subbasin. These data will  be used to develop the economic-ecologic

simulation model outlined in chapter 2 and the least-cost model described in

chapter 3.

Data needs for the development of  the economic-ecologic simulation and

least - cost  models  are  organized  in  four  groups .

0 Hydrosystem Data

0 Fish Life-Cycle Data

0 Direct  Costs  o f  F ish  Mit igat ion  Al ternat ives

0 Opportunity Costs of  Fish Mitigation Alternatives

The  f i rs t  group  o f  data  i s  needed  to  descr ibe  the  phys ica l

characteristics and operations of  the hydrosystem. This  inc ludes  the

unregulated streamflows, the locations of  dams and other hydraulic

structures , and the physical characteristics of  dams such as the sizes and

hydraul i c  capac i t ies  o f  turb ines  and  generators  and  the  des ign  o f  adul t  f i sh

ladders. The  second  group  i s  needed  to  descr ibe  the  l i f e - cyc le  o f  the

anadromous fishery. This  inc ludes  data  that  descr ibe  f i sh  b io logy  and data

that describe fish habitat other than streamflow. Examples include the

quantity and quality of  spawning and rearing habitat,  the production of

smolts from eggs, and the  losses  o f  smol ts  in  reservo irs , through turbines

and by-pass  fac i l i t ies ,  and  over  sp i l lways . The third group is needed to

est imate  the  d irect  costs  o f  a l ternat ive  f i sh  mit igat ion  measures . The

fourth  group  i s  needed  to  es t imate  the  opportuni ty  costs  o f  f i sh  mit igat ion

measur-es  and procedures. This group includes data that are needed to

est imate  the  oppor-tunity  costs  o f  reduct ions  in  the  generat ion  o f  hydropol:ier
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and o f  potent ia l  reduct ions  in  withdrawals  o f  i r r igat ion  water  ( through

purchases  o f  water  r ights ) , for the benefit  of  the anadromous fishery.

The data needs are organized in these four groups because they involve

d i f f e r e n t  d i s c i p l i n e s , research methods and approaches,  teams of researchers,

and  organizat ions  respons ib le  for  the  co l lec t ion  o f  these  data .  Moreover,

these four groups divide conveniently along the l ines of  the major components

of the economic-ecologic simulation model described in chapter 2 and shown

schematica l ly  in  Figure  2 .1 . They are also consistent with the hydrosystem

and f i sh  l i f e - cyc le  modules  that  comprise  the  least - cost  model  descr ibed  in

chapter 3.  Finally,  data collection and model development in these four

areas can proceed somewhat independently of  one another,  at least in the

beginning, as long as the overall  framework for the economic-ecologic

simulation model has been developed, inc luding  the  locat ions  ( in  the

simulation model)  of  the fish mitigation measures,  the inputs to and outputs

from each of the major components of  the simulation model,  and the overall

development of the simulation model. The data that are needed for the

development of  the least-cost model are the same data that are needed for the

development of  the economic-ecologic simulation model.

The data needs described in this chapter are generic in the sense that

they  do  not  perta in  to  a  part i cu lar  subbasin  or  to  part i cu lar  f i sh  mit igat ion

measures or procedures. They are general data needs that would apply to any,

or all ,  of  the subbasins in the Columbia River Basin. There are two

principal reasons for keeping the discussion of  data needs as general as

p o s s i b l e  a t  t h i s  p o i n t .  The  f i rs t  reason, as  descr ibed  above ,  i s  that  the

subbasin  for  a  poss ib le  p i lo t  s tudy  has  not  yet  been  se lec ted .  The second

reason is that much of the data needed for model development will come from

the subbasin  studies under the supervision of the Northwest Power Planning

Council  and currently being conducted by the agencies and tribes.  The data

needs described in this chapter should be viewed as preliminary.

11-6-2



HYDROSYSTEM DATA

The hydrosystem data include the data that are needed to describe both

the  phys ica l  character is t i cs  o f  the  hydrosystem and the  operat ions  o f  the

hydrosystem. S p e c i f i c a l l y ,  these data include the unregulated streamflows,

the  phys ica l  character is t i cs  o f  the  r iver  system,  the  phys ica l

character is t i cs  o f  dams and reservo irs , the  operat ing  character is t i cs  o f  dams

and reservoirs,  hydropower production, i rr igat ion  water  withdrawals ,  and f i sh

mitigation measures and procedures that pertain directly to the operation of

the hydrosystem. The hydrosystem data do not include biological data on

f ish ,  or  data  on  f i sh  mit igat ion  measures  that  do  not  perta in  to  the

operation of the hydrosystem such as hatcheries and improvements in natural

itat. These data are included in the fspawning and rearing hab

data discussed below.

i s h  l i f e - c y c l e

Unregulated Streamflows

The first kind of  hydrosystem data needed for model development is the

record  o f  the  h is tor i c  unregulated  s treamflows  in  the  bas in .  The primary

source of  these data is a report prepared by the Depletions Task Force,  “1980

Level Modified Streamflow, 1928-1978” (Depletions Task Force,  1983).  This

report  i s  the  resul t  o f  the  Deplet ions  Task  Force ’ s  e f for ts  to  reconstruct

the  unregulated  f lows  in  the  bas in  in  the  absence  o f  hydro  pro jec ts ,  a f ter

a l lowing  for  i rr igat ion  water  withdrawals ,  evaporat ion ,  and  other  factors

that  a f fec t  water  ba lances .  There is no completely unambiguous way to do

t h i s , since the flows in the basin have been heavily regulated for much of

this  century .  Nonetheless, the unregulated streamflows produced by the

Depletions Task Force seem to be accepted in the region as a reasonable

approx imat ion  to  the  natural  in f lows  for  the  f i f ty -year  h is tor i c  per iod .

1928-1978. These data would be used to develop the different energy rule

curves  (descr ibed  in  chapter  2 )  that  are  needed  to  construct  an  operating

r-u le  curve  for  each  o f  the  storage pro jects ;  a lso ,  to  reconstruct  the

regulated streamflows in order to assess the

flows on the anadromous fishery.

impacts of changes in these
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Physical Characteristics of  the River System

The second kind of hydrosystem data needed for model development

descr ibes  the  r iver  system.  This  inc ludes  the  locat ions  o f  major  r ivers ,

t r i b u t a r i e s , significant water withdrawals,  dams and reservoirs,  and other

structures and developments that affect regulated streamflows. These

phys ica l  at tr ibutes  o f  the  hydrosystem def ine  the  “nodes”  in  the  economic-

ecologic simulation model described in chapter 2.

Physical Characteristics of  Dams and Reservoirs

The third kind of hydrosystem data needed for model development pertains

to  the  phys ica l  character is t i cs  o f  the  dams,  reservo irs ,  and other  hydraul i c

s tructures  in  the  bas in  that  a f fec t  s treamflows  or  f i sh  passage ,  or  both .

These data include the physical dimensions of  dams, the sizes and capacities

of turbines and generators, the  capac i t ies  and  e f fec t iveness  o f  by -pass

f a c i l i t i e s ,  the  capac i t ies  o f  sp i l lways , and  the  s torage- leve l  re lat ionships

for both the storage dams and the run-of-the-river dams. The source of  data

for the Corps of  Engineers projects i s  t h e  D i s t r i c t  O f f i c e  o f  t h e  C o r p s  o f

Engineers in Portland (Corps of  Engineers,  1985).  The  sources  o f  data  for

the  pr ivate  ut i l i ty  dams are  the  pr ivate  ut i l i t ies .

Operations of Dams and Reservoirs

The fourth kind of  hydrosystem data needed pertains to the operation of

dams and reservoirs.  These data include the f ixed (upper and lower) rule

curves  for  the  s torage  reservo irs , the various energy rule curves (generated

by the Systems Analysis Model and the BPA Regulator described in chapter 2),

and the proportion of (monthly) f lows passing through the turbine, through

the  by-pass  fac i l i t ies ,  and  over  the  sp i l lway .

Hydroelectric Production

The fi fth kind of  hydrosystem data needed for model development pertains
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to the demand--more accurately requirements--for hydroelectric power. Two

kinds of  hydropower requirements need to be distinguished. The first

requirement concerns the firm, or primary, hydropower. The second

requirement involves the surplus,  or secondary, hydropower. These two

hydropower  requirements  are  t reated  d i f ferent ly  both  in  the  analys is  o f  f i sh

mitigation alternatives and in the measurement of  the opportunity costs of

reductions in the generation of  hydropower for the benefit  of  the anadromous

f i shery  (d iscussed  be low) .

Irrigation Water Withdrawals

The sixth kind of hydrosystem data needed pertains to water withdrawals

f o r  i r r i g a t i o n .  These water withdrawals can have a significant impact on

streamflows, and thus on the fisheries.  Water withdrawals for irrigation

reduce streamflows below the locations where the water is withdrawn. They

also  consume s igni f i cant  quant i t ies  o f  hydroe lectr i c  power  in  those

s i tuat ions  where  e lec tr i c i ty  i s  used  to  operate  the  i rr igat ion  pumps.  Return

flows from irrigation may supplement streamflows below the irrigated acreage.

For the analysis of  the opportunity costs of  reducing withdrawals of

i rr igat ion  water  ( through water  r ights  purchase)  for  the  benef i t  o f  the

anadromous fisheries (described below), additional data on the types and

quant i t ies  o f  crops  grown, the prices of  those crops sold in the market,  and

the  e f fec ts  on  crop  product ion  o f  reduct ions  in  the  appl i cat ion  o f  i r r igat ion

water  wi l l  be  required .  This is discussed in more detail  in chapter 5 and in

the section below on data needs for estimating opportunity costs.

Fish Mitigation Measures

The last kind of  hydrosystem data needed pertains to f ish mitigation

measures and procedures that involve physical changes to the hydrosystem and

changes in the operation of  the hydrosystem for the benefit  of  the anadromous

f i s h e r y .  Phys ica l  changes  inc lude  by-pass  fac i l i t ies  for  the  downstream

passage  o f  juveni le  f i sh , and fish ladders for the upstream passage of  adult
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f i s h .  Changes in the operation of  the hydrosystem include altering timing of

releases from storage dams, reduced flows through the turbines and increased

f lows  over  sp i l lways .

FISH LIFE-CYCLE DATA

The f i sh  l i f e - cyc le  data  inc lude  data  needed  to  deve lop  the  f i sh  life-

cycle simulation model described in part I  and data needed to describe the

fish mitigation measures and procedures that pertain to the fisheries but not

to the operation of  the hydrosystem. Examples of  f ish mitigation measures in

the  lat ter  category  inc lude  f i sh  hatcher ies , improvements in natural spawning

and rearing habitat, and the transportation of smolts by truck and barge to

below Bonneville Dam.

Fish Life-Cycle Simulation Model

T h e  f i s h  l i f e - c y c l e  s i m u l a t i o n  m o d e l  d e s c r i b e s  t h e  l i f e - c y c l e  o f  t h e

anadromous fisheries from the laying and hatching of eggs in hatcheries and

upstream tributaries, through the  ra is ing  o f  f ry ,  the  migrat ion  o f  smolts

down the Columbia to the ocean, and the ocean fishery,  to the return of  adult

fish to hatcheries and natural spawning areas.  This simulation model also

includes those fish mitigation measures and procedures that do not involve

e i ther  the  phys ica l  a l terat ion  or  the  operat ions  o f  the  s torage  and  run-of-

the-river dams. The fish life-cycle simulation model has a monthly time step

(actually 14 periods per year to be consistent with the hydrosystem

simulat ion  model ) ,  and  i t  wi l l  be  run for  a  p lanning  per iod  o f  15 ,  20 ,  or

more years. The  f i sh  l i f e - cyc le  s imulat ion  model  wi l l  be  deve loped  as  part

o f  the  research  descr ibed  in  part  I .  Therefore,  the  descr ipt ion  o f  the  data

needs  for  the  f i sh  l i f e - cyc le  s imulat ion  model  in  th is  chapter  i s  br ie f

because  i t  dupl i cates  descr ipt ions  o f  data  needs  in  part  I .

There  are  f ive  pr inc ipal  s tages  in  the  l i f e - cyc le  o f  anadromous  f i sh .

They include smolt production, downstream migration of smolts, estuary and

ear ly  ocean survival , late ocean survival and ocean harvest,  and upstream
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passage  o f  adul t  f i sh .  The data source for all  stages would be parts I  and

I I I  o f  t h i s  r e p o r t .

DIRECT COSTS OF FISH MITIGATION

The direct costs of  f ish mitigation measures and procedures include the

c a p i t a l , operating and maintenance, and land  costs  o f  phys ica l  a l ternat ives

insta l led  to  increase  the  product ion  o f  adul t  f i sh .  These include

al terat ions  to  dams such  as  by-pass  fac i l i t ies  for  juveni le  f i sh  and f i sh

l a d d e r s  f o r  a d u l t  f i s h , transportation of smolts around dams to below

Bonneville Dam, the construction of  new and the expansion of  existing fish

hatcher ies , and physical improvements in natural spawning and rearing

habitats .  Est imates  o f  the  d irect  costs  o f  f i sh  mit igat ion  a l ternat ives  wi l l

be obtained from the Corps of  Engineers, the Northwest Power Planning

C o u n c i l ,  p r i v a t e  u t i l i t i e s , and  the  subbasin  p lanning  e f for ts  current ly

underway in the basin.

The desired output of  this part of  the research is the development of

c o s t  f u n c t i o n s  t h a t  r e l a t e  l e v e l s  o f  f i s h  m i t i g a t i o n  t o  t h e  c o s t s  o f

achiev ing  those  leve ls .  These cost functions will  be developed from data on

the  e f fec t iveness  o f  part i cu lar  mit igat ion  measures  and  the  costs  o f  those

measures. An example  i s  a  cost  funct ion  that  represents  the  capi ta l ,

operating and maintenance, and land costs  o f  construct ing  a  f i sh  hatcher ies

o f  d i f ferent  capac i t ies  (number  o f  f ry  produced)  at  a  part i cu lar  s i te .

Another example is a cost function that represents the costs of  developing

and maintaining different quantities of  natural spawning or rearing habitat,

in terms of the number of  fry or smolts that can be supported.

OPPORTUNITY COSTS OF FISH MITIGATION

The opportuni ty  costs  o f  f i sh  mit igat ion  measures  and p r o c e d u r e s  a r e

l osses  to  the  reg ion  ( o r  to  soc ie ty  more  genera l ly )  o f  changes  in  the

operat ion  o f  the  hydrosystem for  the  benef i t  o f  the  anadromous fishery.
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These losses are not expenditures per se, but  rather  reduct ions  in  benef i ts

t o  o t h e r  a c t i v i t i e s .

There are two kinds of  opportunity costs relevant to the cost-

e f f e c t i v e n e s s  a n a l y s e s  d e s c r i b e d  i n  t h i s  p a r t  ( c h a p t e r  1 ) .  T h e  f i r s t  k i n d  o f

opportunity cost is  the loss in the production of  hydropower due to

d ivers ions  o f  f l ows  through by-pass  fac i l i t ies  and  over  sp i l lways  for  the

benefit  of  the anadromous fishery.  The water budgets provided the f ishery at

Priest Rapids and Lower Granite dams between between 15 April and 15 June

each year is an example of  this kind of loss (Northwest Power Planning

Counci l ,  1987a) .  The  second  k ind  o f  opportuni ty  cost  invo lves  the  loss  to

agr icul ture  due  to  reduct ions  in  withdrawals  o f  i r r igat ion  water ,  f or  the

benefit  of  the anadromous fishery.

Opportunity costs are not easy to measure. The market data needed to

measure opportunity costs directly are seldom available.  The prices of  water

rights could be used if  there were a market in water rights and if  prices had

already been established. Otherwise, measurement of  the opportunity costs of

f i sh  mit igat ion  a l ternat ives  i s  more  o f  a  research  e f for t  than a  data

c o l l e c t i o n  e f f o r t , as described in chapter 5.

Opportunity Costs to Hydropower. The use of the Systems Analysis Model

(SAM) to generate the opportunity costs of  reductions in the production of

hydroe lec tr i c  power  would  need  to  be  explored .  For  the  most  part ,  the

economic losses generated by SAM in this context represent the costs of

addi t ions  to  the  reg ion ’ s  thermal  e lec tr i c  generat ing  capac i ty  to  compensate

for  reduct ions  in  the  product ion  o f  hydroe lectr i c  power  to  improve  f i sh

passage.

Potent ia l  sources  o f  data  for  the  opportuni ty  costs  o f  reduct ions  in  the

production of  hydroelectric power are discussed in chapter 5.  I t  i s  o u r

tentat ive  conc lus ion  that  cons iderable  addi t ional  research  needs  to  be

undertaken in this area to develop more accurate estimates of  the opportunity

costs of  modifying hydropower generation patterns to meet the region’s goal
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o f  increas ing  adul t  f i sh  populat ions .  Most of the work that has been done on

the  opportuni ty  costs  o f  hydroe lectr i c  power  uses  the  costs  o f  construct ing

and operating thermal power plants as a “proxy” for the real opportunity

c o s t s .  However, this approach may overstate the opportunity costs that would

actually be realized over the long run because of  energy conservation and

other alternatives for reducing the demand for electric power generated in

the region.

Opportunity Costs to Agriculture.  The opportunity costs of  reductions

in withdrawals of  irrigation water could be estimated from existing studies,

as  descr ibed  in  chapter  5 , or from additional research to be conducted in the

next phase of  the research. Our  tentat ive  conc lus ion  i s  that  whi le  ex is t ing

studies  c lear ly  prov ide  an  exce l lent  s tart ing  po int  for  future

invest igat ions ,  more  deta i led  in format ion  on  the  losses  to  agr i cu l ture  due  to

reduct ions  in  i rr igat ion  water  wi l l  be  needed .  Another  poss ib i l i ty  for

measuring the opportunity costs of  reductions in irrigation water withdrawals

would be to use data from water rights markets, i f  they  come into  ex is tence

in  the  reg ion .  This is a more direct approach to estimating the opportunity

costs  as  i t  uses  the  pr ices  o f  i rr igat ion  water  d irect ly  rather  than imput ing

the  va lue  o f  irrigation water  f rom the  pr ices  o f  agr icu l tural  crops  so ld  in

the market.

CONCLUDING COMMENTS

Additional work on the cost-effectiveness problem would require both

data  co l lec t ion  and research .  For the hydrosystem portion of model

development, most  o f  the  e f for t  would  invo lve  the  co l lec t ion  o f  ex is t ing

hydrosystem data. For  the  f i shery  l i f e - cyc le  port ion  o f  model  deve lopment ,

the effort would be equally divided between data collection and research.

This  i s  d iscussed  in  more  deta i l  in  part  I .  Some of the direct cost

in format ion  i s  a l ready  avai lab le  and  other  d irect  cost  in format ion  i s  under

development in the region. This information would need to be gathered,

organized, and analyzed in the next phase of  the research. In  addi t ion  to

the  data  that  are  (or  wi l l  be )  avai lab le , s o m e  o f  t h e  d i r e c t  c o s t s  o f  f i s h
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mitigation would need to be estimated and all  the cost functions for the

different f ish mitigation measures and procedures will  need to be developed.

The  opportuni ty  costs  o f  reduct ions  in  the  generat ion  o f  hydroe lectr i c

power and of  reductions in withdrawals of  water for irrigation would require

addi t ional  research  to  bui ld  on  ex is t ing  s tudies . I n  t h e  c a s e  o f  i r r i g a t i o n ,

this would primarily consist of  expanding upon previous work while for

hydropower more fundamental research will be required.

In addition to the development of  the hydrosystem simulation model,  the

f i shery  l i fe - cyc le  s imulat ion  model , t h e  c o s t  f u n c t i o n s  f o r  t h e  d i r e c t  c o s t s

o f  f i s h  m i t i g a t i o n , and the  cost  funct ions  for  the  opportuni ty  costs  o f  f i sh

mit igat ion , a major research effort would have to be devoted to developing

the overall  computational framework for the economic-ecologic simulation

model described in chapter 2, to  integrat ing  the  d i f ferent  components  o f  that

model, and to developing the system-wide least-cost model described in

chapters 3 and 4.
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Appendix to Volume 2 Part II

Poss ib le  Approaches  to  Al locat ion  o f

Jo int  Costs  o f  F ish  Mit igat ion*

INTRODUCTION

This appendix addresses task 2 of  the BPA/RFF work statement,  allocating

c o s t s  a n d  r e s p o n s i b i l i t y  f o r  t h e  l o s s  i n  f i s h  p r o d u c t i v i t y .  T h e  t a s k

spec i f i ca l ly  s tates  that  RFF was  to

“des ign  a  s tudy  to  assess  a l ternat ive  procedures  for  a l locat ing

r e s p o n s i b i l i t y  f o r  l o s s  i n  f i s h  p r o d u c t i v i t y :

a> to  the  hydroe lec tr i c  purpose  o f  f edera l  hydropro jec ts ,

b) between federa l  and  non- federa l  hydroe lec tr i c  pro jec ts ,  and

c> to systemwide loss caused by hydroelectric system development and

o p e r a t i o n ,  b u t  n o t  a t t r i b u t a b l e  t o  p r o j e c t ( s )  o f  a n y  s i n g l e  o w n e r . ”

Among other possible purposes, l o s s  a l l o c a t i o n  f o r m s  t h e  b a s i s  f o r  a n

al locat ion  o f  f i sh  mit igat ion  costs  as  required  by  the  Regional  Act .  As with

the  other  tasks , the emphasis here is on design of research, not on research

i t s e l f .  There fore , the methods outlined here should be taken as preliminary

guides to future Phase III work, and not  as  the  f ina l  word  on  the  sub ject .

Cost  a l locat ion  i s  a  common problem in  resource  economics ,  part i cu lar ly

when deal ing  with  large ,  mult i -purpose  pro jects .  As  a  general  matter ,  j o int

costs  ar ise  in  investment  pro jec ts  and  in  the  da i ly  operat ions  o f  pr ivate

firms and public agencies because of  what has been termed economies of  scale

*This  mater ia l  i s  inc luded  as  an  appendix  to  Part  I I  o f  vo lume 2  instead  o f  a
part of  the volume proper for two reasons:  (1)  it  has not undergone the
publ i c  rev iew that  the  o ther  sect ions  have ,  and  (2 )  i t  presents  some
conceptual  i ssues  i t  was  not  poss ib le  to  reso lve  in  the  Phase  I I  research
and which must await further consideration in Phase III.
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i n  a c t i v i t i e s .  That  i s ,  adding  a  use  or  user  to  an  investment  pro ject  o f ten

does  not  increase  to ta l  cost  by  as  much as  the  cost  o f  a  s tand a lone  fac i l i ty

bui l t  to  serve  that  use  or  user .  But ,  at  the  same t ime,  the  sum of  the

“separable costs , " t h o s e  i d e n t i f i a b l e  c o s t s  o f  a d d i n g  e a c h  u s e  o r  u s e r ,  i s

s m a l l e r  t h a n  t h e  t o t a l  c o s t  o f  t h e  m u l t i - u s e r  p r o j e c t ,  a n d  t h e  j o i n t  c o s t s

must  then  be  a l located  to  the  indiv idual  users  or  purposes .

The 1980 Regional Act (16 U.S.C. $839) places some constraints on the

f i s h  m i t i g a t i o n  c o s t  a l l o c a t i o n  p r o c e s s .  I n  p a r t i c u l a r ,  i t  s t a t e s  t h a t

“consumers  o f  e lec tr i c  power  shal l  bear  the  cost  o f  measures  des igned  to  dea l

with adverse impacts caused by the development and operation of  electric

p o w e r  f a c i l i t i e s  a n d  p r o g r a m s  o n l y ”  ( S e c t i o n  4 ( h ) ( l ) ( B ) ) .  F u r t h e r m o r e ,

Sect ion  4 (h) ( l ) (C)  s tates  that  “ the  amounts  expended  .  .  .  sha l l  be  a l located

. . . among the various hydroelectric projects of  the Federal Columbia River

Power System. Amounts  so  a l located  shal l  be  a l located  to  the  var ious  pro jec t

purposes  in  accordance  with  ex is t ing  account ing  procedures  .  ..” As  wi l l  be

shown below, these  legal  constra ints  on  the  a l locat ion  o f  j o int  costs  assume

cons iderable  importance  in  the  cho ice  o f  a l locat ion  methods .

I n  t h e  c l a s s i c  c a s e s  t h e  o r i g i n s  o f  t h i s  j o i n t n e s s  l i e  i n  t h e  p r o d u c t i o n

technology, where that term is defined broadly enough to encompass such

diverse examples as:

- a water  resource  investment  pro ject  invo lv ing  construct ion  o f  a  dam to

produce  water  s torage  for  f l ood  contro l ,  f la t -water  recreat ion  and

navigat ion , and storage and usable head for hydro power;

- a  s a t e l l i t e  s y s t e m  p r o v i d i n g  c a p a c i t y  f o r  t e l e p h o n e ,  t e l e v i s i o n ,  a n d

data transmission over long distances.

In  such  cases ,  however  we  at tr ibute  costs  to  a  use ,  be  i t  v ia

econometr ica l ly  est imated  marginal  cost  funct ions ,  or  engineer ing  - der ived

s e p a r a b l e  c o s t  c a l c u l a t i o n s , t h e  r e s u l t  i s  i n t r i n s i c a l l y  a r b i t r a r y  b e c a u s e-
the capital goods involved serve more than one use simultaneously.  The dam
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holds  back  a  pond at  a  part i cu lar  e levat ion , and the water serves recreation

and navigation while it  is  ponded  and hydropower generation when it  is

re leased .  T h e  s a t e l l i t e ,  w i t h  i t s  a t t e n d a n t  l a u n c h  c o s t s ,  s e r v e s  a l l

transmission uses by being in place, though part i cular  parts  are  c lear ly

ass ignable  to  part i cu lar  uses .  In such cases there is no non-arbitrary way

to  d iv ide  to ta l  costs  among the  uses .  There are,  however,  a number of

competing ways of structuring the arbitrary process,  and these may be

dist inguished  on  the  bas is  o f  a  number  o f  character is t i cs  they  d isp lay  when

confronted with particular problems.

CHARACTERISTICS OF COST ALLOCATION METHODS

The character is t i cs  o f  cost  a l locat ion  are  d iscussed  here  in  terms o f

game theory. Game theory is frequently used by economists and others to

analyze  cost  a l locat ion  problems.  I t  i s  a  f i e l d  o f  i n q u i r y  o n  t h e  b o r d e r s  o f

s e v e r a l  s o c i a l  s c i e n c e  d i s c i p l i n e s , and  invo lves  analys is  o f  outcomes  o f

s trateg ic  interact ion  between p layers  who  jo int ly  in f luence  the  outcomes  that

each  rece ives ,  and know i t .  A l though i ts  appl i cab i l i ty  to  the  present

problem, which  i s  essent ia l ly  one  o f  cost  account ing ,  i s  somewhat  l imited ,  i t

s t i l l  prov ides  a  use fu l  f ramework  for  d iscuss ing  the  prob lem and espec ia l ly

for  formulat ing  i t  mathematica l ly .  See R.D. Luce and H. Raiffa, Games and

Decisions (New York, Wiley: 1 9 5 8 )  f o r  a n  e a r l y  b u t  s t i l l  u s e f u l  s u r v e y .

Ex-ante  versus  Ex-post  Al locat ion

One important  character is t i c  o f  the  present  problem is  that  jo intness

ar ises  in  a  d i f ferent  way  and at  a  d i f ferent  s tage  than i s  t rue  in  the

c lass ica l  examples .  Usual ly ,  economists  are  interested  in  a l locat ing  costs

o f  a  p r o j e c t  t h a t  i s  i n  t h e  p l a n n i n g  s t a g e s  ( i . e . ,  e x  a n t e ) .  In  the  case  o f

f i sh  mit igat ion ,  however , the  costs  are  to  be  dec ided  on  and  borne  a f ter  the

r e s t  o f  t h e  c a p i t a l  p r o j e c t s , namely the Columbia River dams, are in place,

( i . e . , e x  p o s t )  .  The  f i sh  mit igat ion  purpose  i s  not  a  use  o f  the  dams in

the same sense as is hydro power. R a t h e r  i t  i s  a  “ c o r r e c t i o n ”  t o  t h e

o r i g i n a l  u s e s .  O n e  w a y  o f  v i e w i n g  i t ,  t h e r e f o r e ,  i s  a s  a n  e x - p o s t  c o s t
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overrun; a  p o i n t  o f  v i e w  t h a t  h a s  s i g n i f i c a n t  i m p l i c a t i o n s  f o r  t h e  r e s u l t s

with respect to methods, e s p e c i a l l y  i f  t h e  g o a l  i s  e x - p o s t  a c c o u n t i n g .

Jo int  cost  a l locat ion  as  an  exerc ise  with  other  than ex -post  account ing

g o a l s , usual ly  invo lves  ex -ante  cost  es t imates  for  var ious  hypothet i ca l

s ing le  and  mult ip le  purpose  pro jec ts .  On an  ex -ante  bas is ,  prospect ive

charges can be estimated for each use or user and commitments can be sought

from users  f ree  to  buy  in  or  not - -or  dec is ions  can  be  made  by  a  centra l

dec is ion-maker  about  whether  to  inc lude  or  not  to  inc lude  a  prospect ive  use .

In  contrast , a  cost  overrun i s  an  ex -post  event  and  a f fec ts  on ly  one  o f  the

o r i g i n a l  s e t  o f  p o t e n t i a l  p r o j e c t s , namely  the  set  actual ly  constructed .

Some methods (particularly those relating to ex-ante planning techniques)

require  that  the  costs  be  est imated  for  every  poss ib le  hypothet i ca l  pro jec t

invo lv ing  each  s ing le  use  and a l l  combinat ions  o f  uses  up  to  and inc luding

the  “grand pro ject ” incorporat ing  a l l  uses .  Other  methods  (espec ia l ly  ex-

post) r e q u i r e  o n l y  a  s u b s e t  o f  t h i s  i n f o r m a t i o n .  T h e  g e n e r a l  i d e a  f o r  ex-

ante planning is to calculate and subsequently combine information on how

much it  costs to serve each purpose singly and to add each purpose to some

combinat ion  o f  the  o ther  j  purposes , p r o d u c i n g  a  j  +  1  p u r p o s e  p r o j e c t .  I n

p a r t i c u l a r , the cost of  adding each purpose to the N-l  other purposes,  and

thus  arr iv ing  at  the  grand N-purpose  pro ject ,  wi l l  a lways  be  ca lculated .

The Core, a Concept from Game Theory

The  concept  o f  the  core  i s  very  c lose ly  l inked  to  game theory .  In the

j a r g o n  o f  t h e  f i e l d ,  t h e  q u e s t i o n  i s : d o e s  t h e  a l l o c a t i o n  r e s i d e  i n  t h e  c o r e

of the game defined by the (endogenous) cost information on possible

a l ternat ive ,  s tand-a lone  pro jects  serv ing  the  same purpose?  In  more

intui t ive  terms, th is  character is t i c  invo lves  asking  whether  the

representat ive  o f  every  purpose  would  have  an  incent ive  to  part i c ipate  in  the

p r o j e c t .  The  requirements  for  th is  to  be  t rue  can  be  s tated  verbal ly  as

f o l l o w s .

( a )  D o e s  t h e  a l l o c a t i o n  j u s t  e x h a u s t  t o t a l  c o s t s ?
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(b )  Does  i t  a l locate  to  each  purpose  or  group  o f  purposes  no  greater

cost than that for which the purpose or group could be served by a

p r o j e c t  b u i l t  t o  s e r v e  i t  a l o n e ?

( c )  F o r  a n y  J - p u r p o s e  p r o j e c t , does  i t  a l locate  to  each  purpose  or  group

of purposes no less than the marginal cost of  adding the purpose or

group  to  a  pro jec t  bui l t  to  serve  the  subset  o f  purposes  exc luding

i t ?

Formally, c a l l  a  s i n g l e  p u r p o s e  i , a  subset  o f  purposes  S  and  the  fu l l  se t  o f

possible purposes N. Let  C( i )  equal  the  cost  o f  a  s ing le  purpose  pro jec t ,

C ( S )  t h e  c o s t  o f  a  p r o j e c t  s e r v i n g  S , and C(N)  the  cost  o f  the  grand pro jec t .

L e t  Xi b e  t h e  c o s t  a l l o c a t i o n  t o  p u r p o s e  i .  Then (a ) ,  (b )  and  ( c )  can  be

writ ten :

(a) C Xi = C(N)
N

(A-1)

( b )  C Xi 5 C ( S )  f o r  a l l  S  i n  N  i n c l u d i n g  s i n g l e  p u r p o s e s (A-2)
S

( c )  C Xi 2. C ( N )  - C ( N  - S )  f o r  a l l  i n  N  i n c l u d i n g  s i n g l e  p u r p o s e s  ( A - 3 )
S

In  fact ,  (b )  and  ( c )  are  equiva lent  when (a )  ho lds .

An a l locat ion  that  meets  these  requirements  g ives  no  incent ive  for  a

s ing le  purpose  or  group  o f  purposes  to  “go  i t  a lone”  by  bui ld ing  a  separate

p r o j e c t .  Nei ther  does  i t  c reate  a  gr ievance  by  subs id iz ing  one  purpose  or

group  at  the  expense  o f  o thers .  I t  would  there fore  be  des i rab le  a lways  to  be

in  the  core  for  reasons  o f  equi ty  and  incent ive .  but  i t  should  be  noted

that:

the core may not always exist; no  a l locat ion  may be  poss ib le  that

f u l f i l l s  c o n d i t i o n s  ( a )  - ( c ) ;

- even  i f  the  core  i s  non-empty , not every method produces allocations

t h a t  a r e  i n  i t ;

when the core is non-empty, i t  w i l l  i n  g e n e r a l  c o n t a i n  i n f i n i t e l y

many points, so  that  further  cho ice  i s  necessary .
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Some other commonly mentioned criteria on which cost allocation methods

may be judged include the following.

Addi t iv i ty ,  which  covers  the  poss ib i l i ty  o f  adding  up  sub-a l locat ions .

For example, i f  cap i ta l  and  operat ing  costs  are  d is t inguished  and a l located

separate ly ,  wi l l  the  to ta l  resul t ing  a l locat ion  be  the  same as  the  one  that

would  resul t  f rom an a l locat ion  o f  the  to ta l  o f  those  costs?

Monotonic i ty ,  which  covers  the  e f fec t  on  indiv idual  cost  a l locat ions  o f

i n c r e a s i n g  e x - p o s t  e i t h e r  t h e  t o t a l  c o s t s  o f  t h e  g r a n d  p r o j e c t  o r  t h e  a c t u a l

costs  o f  ind iv idual  purposes  or  groups . In  the  present  context ,  the  most

s i g n i f i c a n t  v e r s i o n  o f  t h i s  r e q u i r e m e n t  i s  t h a t  i f  t h e  c o s t s  o f  t h e  g r a n d

pro jec t  are  greater  ex -post  than est imated  for  the  a l locat ion  exerc ise ,  no

purpose  or  group  o f  purposes  wi l l  have  a  lower  a l locat ion  as  a  resul t  o f

having  th is  taken into  account .

Consistency, which  deals  wi th  the  e f fec t  o f  “ removing”  a  purpose  by

making  the  impl ied  a l locat ion  to  i t  and  then recons ider ing  the  a l locat ion  for

the N-l remaining purposes. The  method  i s  cons is tent  i f  the  recons iderat ion

l e a d s  t o  t h e  s a m e  a l l o c a t i o n  f o r  t h e  N - l  a s  d i d  t h e  i n i t i a l  a p p l i c a t i o n .

Covariance, which  requires  that  a  method  g ive  s trateg ica l ly  equivalent

a l locat ions  (a l locat ions  with  the  same incent ives  for  behavior  in  the  cost

game) in whatever units the costs are measured and from whatever baseline

they are measured.

I t  i s  important  to  note  that ,  when taken as  a  group,  these  last  four

criteria are seldom met even by complex, infrequently applied,  ex-ante game

theoretic methods. I f  one  re f lec ts  a  moment  on  what  the  cr i ter ia  mean,  i t  i s

readily apparent why this should be the case. F o r  a l l  f o u r  t o  a p p l y ,  o n e

would  need  to  dev ise  an  a l locat ion  method  that  d id  a l l  o f  the  fo l l owing .

1. Costs  could  be  d i f ferent iated  in  any  arb i trary  fashion  and s t i l l

r e s u l t  i n  t h e  s a m e  a l l o c a t i o n  ( a d d i t i v e ) .
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2. Any arbitrary cost over-run could be incurred without reducing any

group ’s  cost  a l locat ion  (monotonic )

3. Any purpose could be removed and not affect any of  the remaining

purposes  ( cons is tent ) .

4 .  Costs  could  be  measured  in  any  uni ts ,  f rom any  base l ine ,  and  s t i l l

resul t  in  the  same strategy  for  a l l  groups  o f  part i c ipants

( c o v a r i a n t ) .

To the best of  our knowledge, no  method  o f  cost  a l locat ion  meets  a l l

t h e s e  c r i t e r i a , and so one must choose a method that is appropriate for a

part i cular  problem.

Categor ies  o f  Jo int  Costs

Another  observat ion  i s  that  the  costs  o f  increas ing  f i sh  runs  re f lec t

fac i l i ty  investments  and changes  in  operat ing  procedures  that  s tand in  a

var iety  o f  re lat ionships  to  the  or ig inal  purposes  o f  the  system and i ts

component dams.

1) Some are specific  to a dam and a purpose.  Examples include screens on

turbine  penstock intakes , which serve only the hydropower function of

the dam where they are installed.

2 )  Some are  spec i f i c  to  a  dam but  jo int  for  the  mult ip le  or ig inal  purpose

of the dam. For example,  f ish ladders and redesigned spillways,  while

serving only one dam, are needed to reduce losses due to most o f  t h e

dam’s  or ig inal  purposes ,  inc luding  hydropower ,  navigat ion ,  and

i r r i g a t i o n .

3) Some are joint for the system of dams and the multiple uses of  the

system. Changes in operating rules designed to increase flows during

per iods  o f  downstream migrat ion  o f  smol ts  ( to  reduce  reservo ir

m o r t a l i t y )  f a l l  i n t o  t h i s  c a t e g o r y .

For  purposes  o f  th is  appendix  i t  i s  assumed that  costs  o f  the  f i rs t  type

wi l l  be  a l located  to  the  appropr iate  account  and  that  the  a l locat ion  wi l l  not
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require  deta i led  analys is .  It  is  further assumed that the proposed system

simulation model described in Volume 2, P a r t  I I  w i l l  a l l o w  t h e  a l l o c a t i o n  o f

the  th ird ,  or  system-wide ,  cost  to  dams.  [Note that many policy choices need

to be made before this can be done.]  Therefore,  t h e  p r i n c i p a l  a l l o c a t i o n

quest ion  cons idered  here  i s :

How can BPA allocate an ex-post overrun in  the  cost  o f  each  system

dam to the multiple uses of each dam?

The rest  o f  th is  appendix  descr ibes  a l ternat ive  answers  to  th is  quest ion .

APPLICABILITY OF ALLOCATION METHODS TO FISH MITIGATION

In order  to  choose  a  method  that  best  appl ies  to  the  f i sh  mit igat ion

problem, one  must  f i rs t  t ry  to  character ize  the  problem accurate ly  in  the

terms o f  the  character is t i cs  out l ined  above , taking  inst i tut ional  and legal

constra ints  into  cons iderat ion .  I n  t h i s  c a s e , i t  i s  c o n v e n i e n t  t o  t a k e

l e g a l  c o n s t r a i n t s  f i r s t .

Legal Constraints

As already noted, the  Regional  Act  requires  that  costs  be  a l located  based

on ex is t ing  procedures .  The procedures used when the various projects were

put in place was Separable Cost Remaining Benefits (SCRB).  This method,

explained below, while generally used in water resources planning has

r e c e n t l y  b e e n  c r i t i c i z e d  a s  a  t o o l  f o r  e x - a n t e  c o s t  a l l o c a t i o n ,  t h e  m o s t

common problem considered by cost allocation specialists (H. P. Young, N.

Okada, and T. Hashimoto, “Cost Allocation in Water Resources Development,”

Water Resources Research, vol.  18,  pp. 463-475, June 1982).  However,  since

i t s  u s e  i s  s p e c i f i e d  i n  t h e  l e g i s l a t i o n , the next step would seem to be to

dec ide  whether  or  not  i t  has  the  character is t i cs  descr ibed  above  in  the

present  context ,  keeping  in  mind that  th is  i s  pr imari ly  an  ex -post

account ing  exerc ise  and not  a  “s trateg ic ”  s i tuat ion .  The next section

develops the verbal and mathematical basis of  SCRB, and sets out some

II -A-8



notat ion  used  in  assess ing  the  character is t i cs  o f  SCRB in  terms o f

a d d i t i v i t y , monotonicity,  and  the  other  cr i ter ia .

SCRB

This section will  lay out a verbal version of  the SCRB method and then

display the commonly accepted formula by which the words are translated into

a working method. Then it  will  show how a cost overrun enters,  and the

formula  for  ex -post  cost  account ing .

The verbal version is taken from “Economic and Environmental Principles

and Guidelines for Water and Related Land Resources Implementation Studies”,

March 10, 1983, p.  14.

(a> Separable  cost  for  each  purpose  in  a  p lan  i s  the  reduct ion  in

f inanc ia l  cost  that  would  resul t  i f  that  purpose  were  exc luded  f rom

the plan. This  reduct ion  in  cost  inc ludes :

(1 )  The  f inanc ia l  cost  o f  measures  serv ing  only  the  exc luded

purpose; and

(2 )  Reduct ions  in  the  f inanc ia l  cost  o f  measures  serv ing  mult ip le

purposes.  In some cases removal of  a purpose would result in

se lec t ion  o f  d i f ferent  measures  to  address  the  remaining

purposes.

(b) Joint  cost  i s  the  tota l  f inanc ia l  cost  for  a  p lan  minus  the  sum o f
s e p a r a b l e  f i n a n c i a l  c o s t s  f o r  a l l  p u r p o s e s .

Cc) A l t e r n a t i v e  c o s t  f o r  e a c h  p u r p o s e  i s  t h e  f i n a n c i a l  c o s t  o f  a c h i e v i n g
the same or equivalent benefits with a single-purpose plan.

Cd) Remaining benefit  for each purpose is the amount,  i f  any, by which
the national economic development (NED) benefit  or,  when
appropr iate , the  a l ternat ive  f inanc ia l  cost  exceeds  the  separable
f i n a n c i a l  c o s t  f o r  t h a t  p u r p o s e .  [NED can be defined as the total
consumer  surplus  that  wi l l  resul t  f rom a  pro ject ] .  The use of
a l t e r n a t i v e  c o s t  i s  a p p r o p r i a t e  w h e n  a l t e r n a t i v e  f i n a n c i a l  c o s t  f o r
the purpose is less than the NED benefit ,  or when there are project
purposes that do not address the NED objective.
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Costs allocated to each purpose are the sum of the separable cost

for  the  purpose  and  a  share  o f  j o int  cost  as  spec i f i ed  be low:

(a> Joint cost may be allocated among purposes in proportion to
remaining benefits.

(b) J o i n t  c o s t  m a y  b e  a l l o c a t e d  i n  p r o p o r t i o n  t o  t h e  u s e  o f  f a c i l i t i e s ,
prov ided  that  the  sum o f  a l located  jo int  cost  and  separable  cost  for
any  purpose  does  not  exceed  the  lesser  o f  the  benef i t  or  the
alternative cost for that purpose.  [Exogenous method]

Formulae. In  trans lat ing  these  verbal  descr ipt ions  into  formulae ,

nothing  i s  l os t  by  assuming  that  the  benef i ts  o f  every  purpose  are  greater

t h a n  i t s  a l t e r n a t i v e  c o s t s  ( t h e  c o s t s  o f  a  s t a n d - a l o n e  p r o j e c t ) .  T h a t  i s ,  i t

is assumed below that the SCRB cost allocations performed when the various

Columbia River projects were constructed were done “correctly”,  and that the

a l ternat ive  costs  for  each  purpose  and  pro jec t  exceeded  the ir  separable

c o s t s .  This assumption greatly simplifies the development of  the equations,

although the final results do not depend upon the assumption.

Let N be the number purposes potentially to be included; index N by i .

Indicate  the  cost  o f  a  pro jec t  by  C(m),  where  the  argument  can  indicate  a

s ingle  purpose  pro jec t ,  C( i ) ,  a  pro jec t  serv ing  S  5 N purposes  C(S) ,  or  a

p r o j e c t  s e r v i n g  a l l  b u t  o n e  o f  S  (5 N )  p r o j e c t s  C ( S  - i ) .

Then,  the  separable  cost  for  purpose  i  may  be  wr i t ten  SC( i )  = C(N)  - C(N-

i ) .  T h e  a l t e r n a t i v e  c o s t  o f  i  i s  w r i t t e n  C ( i )  f o r  p u r p o s e  i .  J o i n t  o r

nonseparable costs are defined to be NSC = C(N) - CSC(j).

We can  wri te  the  formula  for  the  to ta l  cost  a l locat ion  to  purpose  i  as :

C( i )  +  C(N- i )  -C(N)
X( i )=  C(N)  - C(N- i )  + [C C ( N - j )  -(N-l)C(N)]

C ( C ( j ) + C ( N - j ) - C ( N ) )  j
j

Now,  assume that  the  actual  cost  o f  the  fu l l  pro ject  i s  not  C(N)  but  C(N)

+  F  t h e n  i t  i s  s t r a i g h t f o r w a r d  t o  s h o w  t h a t  t h e  n e w  c o s t  a l l o c a t i o n  X’ i s
i

given by:
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C( i )  +  C(N- i )  -C(N)
X’(i)&(N) - C ( N - i )  + [C C ( N - j )  -(N-l)C(N)+F]

C (C( j )+C(N- j ) -C(N) ) j
j

Next ,  f or  notat ional  convenience ,  l e t

a = C(N) - C (N-i)

C( i )  +  C(N- i )  -C(N)
b =

and

1 (C(j )+CW-j  )-C(N))
j

d  = (C C ( N - j )  - (N-l)(C(N))
j

Then i t  f o l lows  that

X(i) = a + (b * d)

and

X(i)’ = a + (b * (d + F) ) (A-4)

This notation will  be used below to demonstrate some of  the properties of

SCRB .

The Core and SCRB

F i r s t , cons ider  whether  or  not  SCRB wi l l  resul t  in  a  so lut ion  that  i s  in

the  core , in the case where an equal cost overrun, F ,  o c c u r s  f o r  a l l  sub-

p r o j e c t s ,  t h e  o r i g i n a l  a l l o c a t i o n  i s  i n  a n  e x i s t i n g  c o r e ,  a n d  t h e  c o r e  e x i s t s

a f ter  account ing  for  the  ex -post  cost  overrun.  A g a i n ,  l e t  C ( i )  e q u a l  t h e

c o s t  o f  a  s i n g l e  p u r p o s e  p r o j e c t , C(S)  the  cost  o f  a  pro jec t  serv ing  S ,  and

C(N)  the  cost  o f  the  grand pro jec t .  L e t  Xi b e  t h e  c o s t  a l l o c a t i o n  t o

purpose  i .  Modi fy ing  equat ions  (A- l )  through (A-3 ) ,  to  account  for  the  cost

o v e r r u n  ( i . e . , t h e  m i t i g a t i o n  c o s t s )  g i v e s  :
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c xi + F = C(N) + F
N

c x . + F < C(S) + F for all S in N
s1 -

(A-5)

(A-6)

c xi + F > [C(N)+ F] - [C(N - S)+ F] for all in N (A-7)-
S

Thus, assuming an equal cost overrun for any project,  the method does give

r e s u l t s  t h a t  a r e  i n  t h e  c o r e ,  a s s u m i n g  i t  e x i s t s .

A d d i t i v i t y

SCRB applied to an ex-post overrun will , in  general ,  generate  a l locat ions

t h a t  e x h i b i t  a d d i t i v i t y . T o  s e e  t h i s ,  c o n s i d e r  t h e  e q u a t i o n  f o r  X(i)‘, (A-

4 ) :

X’(i) = a + (b * (d + F)).

Now,  assume that  F  i s  d iv ided  into  i  separate  (and  not  necessar i ly  equal )

c a t e g o r i e s ,  s u c h  t h a t  CFi =  F . T h e n  i t  i s  e a s y  t o  s e e  t h a t  i f

X”(i) = a + (b * (d + CFi))

Then

X ’ ( i )  = X”(i).

Thus, the SCRB/overrun allocations are additive.

Monotonicitv

In order for the SCRB/overrun allocation to be monotonic,  no purpose or

group of purposes may have a lower allocation as a result of  the overrun.

Since, i n  e q u a t i o n  ( A - 4 )  a l l  o f  t h e  t e r m s  a r e  p o s i t i v e ,  X’(i)  w i l l  a l w a y s  b e
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p o s i t i v e . There fore , d is tr ibut ion  o f  the  cost  overrun is  monotonic  when

t h e  g o a l  o f  t h e  a l l o c a t i o n  e x e r c i s e  i s  e x - p o s t  a c c o u n t i n g  f o r  t h e  c o s t

overrun, which is the goal that seems reasonable in  the  Bonnevi l le  context .

Consistency

Consis tency  re fers  to  the  e f fec t  o f  removing  a  purpose  f rom the  pro jec t ,

then re -a l locat ing  the  costs  to  the  remaining  pro jects . This does not apply

in  an  ex -post  context ,  s ince  the  “or ig inal ”  purposes  cannot ,  as  a  pract i ca l

matter, be  removed  f rom the  (ex is t ing)  pro jec t .

Covariance

The  e f fec ts  o f  changing  the  base  per iod ,  the  uni ts  in  which  costs  are

measured, and so  for th  are , i n  a n  e x - p o s t  c o n t e x t ,  p o l i c y  d e c i s i o n s  o u t s i d e

t h e  c o s t  “game”. As such, game theory has no application here.

Summary

Based on the characterization of  the problem given above and on the legal

requirements in the Regional Act, it appears that the SCRB method required by

law is  compat ib le  wi th  appl i cable  game theoret i c  concepts .  There fore ,  our

pre l iminary  conc lus ion  i s  that  there  i s  no  reason  not  to  use  SCRB to  a l locate

m i t i g a t i o n  c o s t s . Al though i t  i s  far  f rom per fect  in  many appl i cat ions ,  i t

i s  a  reasonable  way  to  s tructure  the  inherent ly  ambiguous  process  o f  cost

a l l o c a t i o n .

CONCLUSION

Research in Phase II has permitted an examination of  the l iterature on

jo int  cost  a l locat ion  and  some extens ions  o f  i t  to  the  Bonnevi l le  context .

But  examinat ion  o f  the  l i terature  and  reasoning  about  i t ,  because  o f  the

nature of  the problem, cannot yield an unambiguous result. The approach in

Phase III will  be to use the proposed simulation model described in chapter 2
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o f  Part  I I  to  exper iment  with  a  var ie ty  o f  methods  to  t ry  to  bui ld  a

consensus about what is a reasonable system to implement. Upon an initial

look procedures incorporating the SCRB concept appear to be desirable legal

grounds. The preliminary examination of SCRB methods, based on game

theoret i c  concepts , concludes that they are adequate for the task, when

combined with a detailed simulation model.
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PREFACE TO PART III

This Phase II report deals with the modeling and economics of management

of ocean fisheries based on Columbia River Salmon.* The research it  proposes

promises  to  y ie ld  a  use fu l  genera l  se t  o f  too ls  for  the  analys is  o f  ocean

fisheries management alternatives. A  ch ie f  purpose  i s  to  supply  es t imates  o f

t h e  o p p o r t u n i t y  c o s t s  ( n e t  b e n e f i t s  f o r e g o n e ) ,  o f  d i f f e r e n t  l e v e l s  o f

r e g u l a t i o n  o f  o c e a n  f i s h e r i e s , that can be used to make comparisons with the

c o s t s  o f  o t h e r  m i t i g a t i o n  a l t e r n a t i v e s , aimed at increasing upstream runs, in

a  cost -e f fec t iveness  f ramework. No benef i t  analys is  o f  the  upstream runs  i s

implied by this approach and none is contemplated in the Phase III research.

The research approach reported here is responsive to task one in the work

plan  for  Phase  I I .

T a s k  I  c a l l s  f o r  i n v e s t i g a t i o n  o f  t h e  f e a s i b i l i t y  o f ,  a n d  d e v e l o p m e n t  o f

a  p l a n  f o r , a  system model  inc luding  the  hydro log ic ,  eco log ic ,  and  economic

components of the Columbia River system. Where suitable,  components of

ex is t ing  models  are  to  be  inc luded . The proposed model,  or set of  models,

was  a lso  to  incorporate  a l ternat ive  mit igat ion  s trateg ies ,  inc luding  harvest

management  s trateg ies ,  f or  the  purpose  o f  compar ing  the  cost  e f fec t iveness  o f

such a l ternat ives .

This  vo lume is  d iv ided  into  four  main  substant ive  sect ions :

1: Histor i ca l  overv iew o f  the  Columbia  River  ocean f i sher ies ;

2. The conceptual delineation of  the recommended research approach;

* This volume is adapted from a report submitted to Resources for the
Future by Virgil  Norton, current ly  at  the  Univers i ty  o f  West  Virg in ia .
Ian Hardy contributed to chapter 111-2,  Nancy Bockstael,  Kenneth
McConnell  and Ivar Strand to chapter 111-3,  Mae White to typing the
report,  and Nancy Anders Norton to the entire report.



3. A rev iew o f  re levant  l i terature  and  spec i f i cat ion  o f  the  methodo logy

for estimating net economic values of  recreational and commercial

ocean f i sher ies ;  and

4. A summary of the concept of economic impact and the

appropriate approach to determining economic impacts.

An addendum is included that proposes an approach to Phase III research

in  the  ocean f i sher ies  area . A second addendum lists persons consulted in

the preparation of  this volume. The  vo lume c loses  with  a  l i s t  o f  re ferences .
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Chapter 1

History of the Columbia River Salmon Fisheries

In order to understand the current f isheries based on Columbia River

salmon stocks, i t  i s  important  to  have  a  genera l  h is tor i ca l  perspect ive  o f

how the fisheries evolved over time. We likely tend to think of the

commercial and recreational exploitation of  Columbia River stocks as a

r e l a t i v e l y  r e c e n t  - -  i . e . , 19th and 20th century --  development.  However,

native Americans fished for both commercial and sport purposes and util ized

the salmon stocks of  the Columbia River hundreds of  years ago.  (Much of the

informat ion  in  th is  sect ion  i s  f rom Netboy,  Smith ,  Crutchf ie ld  and

Pontecorvo; and Northwest Power Planning Council).

Explorers Lewis and Clark and David Thompson, in reporting upon their

experiences, related considerable information concerning the harvest and use

of the salmon stocks by native Americans. It  has been estimated that

throughout the Snake and Columbia Rivers and their various tributaries,  there

were more than 50 thousand native Americans. I t  i s  further  est imated  that

these individuals util ized an average of  one to two pounds of  salmon per day

per person. This is the equivalent of  18 to 36 mill ion pounds a year. The

nat ive  Americans  ut i l i zed  sa lmon for  food ,  t rading ,  fue l ,  dog  food ,  and

cul tural  and re l ig ious  ceremonies . There are many legends about the salmon

and other  wi ld l i fe  such  as  the  coyotes  and  the ir  ro le  in  the culture ,

re l ig ion  and surv ival  o f  the  nat ive  Americans .  The  catch  o f  th is  re lat ive ly

large amount of salmon was spread throughout the habitat and apparently was

compat ib le  wi th  the  b io log ica l  capabi l i t ies  o f  the  spec ies .

During the primary up-rivel-  migration season foL- adult salmon, the human

population along the Columbia River would i n c I e a s e , p e L-  Ii a p s t r i p l i n g .

Native Americans from the Great Plains and the Rocky Mountains came to the

Columbia and Snake River areas to trade deer and buffalo hides fol- dried

salmon. The dried salmon were of  ten packed in bales of  90 to 100 pounds.  It
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is  reported that this process was well  organized and that the local Columbia

River and Snake River inhabitants would sell  f ishing rights and the use of

t h e i r  f i s h i n g  g e a r  t o  t h e  v i s i t o r s . This time of the year was an important

s o c i a l , commercial and religious event for these native American peoples.

I n  t h e  e a r l y  18OOs, the Hudson Bay Company began to expand operations in

the Columbia River area. Along with this expansion came the first of  a

series of  developments that led to a diminishing of  the use of  the Columbia

River stocks by the native Americans, and an expansion of  operations by the

European immigrants. By 1829, businessmen with names such as Hume and Wyeth

from New England were involved in the Columbia River salmon fisheries in a

major way. At that time, moderate amounts of salted salmon were being

shipped to California;  Valparaiso,  Chile;  London; and Honolulu. Salmon trade

was becoming an important commercial venture -- commercial in the terms that

we genera l ly  use  i t  today .

At  th is  po int , with the influx of new immigrants into the Pacific

Northwest, the native Americans were undergoing a substantial population

decline which was caused by diseases and other circumstances.  During this

period the Columbia River salmon populations apparently increased. This was

because of  the substantial  decline in the native American populations and the

st i l l  re lat ive ly  smal l  use  o f  the  sa lmon stocks  for  “modern”  commerc ia l

ventures. In the mid 18OOs, the salmon populations were perhaps at the

h i g h e s t  l e v e l  f o r  c e n t u r i e s .

Around 1865, however, even more  s igni f i cant  changes  began to  occur .  At

this time salmon canning was introduced and almost overnight Columbia River

salmon products were sold in worldwide trade. These were products ranging

from luxury high priced items to low cost food for factory workers in

England. At  th is  po int , in response to the apparent market potential ,  new

f ishing  technology  was  introduced .  This  invo lved  g i l lnets ,  se ins ,

fishwheels, and fishtraps. As  a  resul t , catches of  salmon increased

substant ia l ly . At the same time, there was considerable cultural

strat i f i cat ion  taking  p lace  in  the  area .
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White cannery workers were considered by cannery owners as unreliable and

transient . However, Chinese workers were highly valued and relatively well

paid. T h i s  l e d  t o  a  s i t u a t i o n  o f  s t r i c t  e t h n i c  l i n e s  f o r  a c t i v i t i e s  r e l a t e d

to the exploitation of  Columbia River salmon. The cannery workers were

oriental and the fishermen were occidental. There was strict enforcement of

these  ethnic  l ines . It  is estimated that by 1880 there were 2,500 fishermen

(non-native Americans) exploiting the salmon on the Columbia River. They

were a special  breed. Most of them were unmarried and lived in boarding

houses. They were independent and a tough group of individuals, and there

were many conflicts regarding river resources.

Estimates are that by 1900, there were 2,800 gil lnetters operating on the

r i v e r . The Columbia River Fishermen’s Protective Association was formed to

advance  the  interest  o f  the  g i l lnet ters . The membership of this union was

r e s t r i c t e d ; the meetings were lengthy and closed to non-members. Membership

requirements  for  th is  assoc iat ion  inc luded  the  exc lus ion  o f  l iquor  dealers ,

c a p i t a l i s t s , lawyers  and po l i t i c ians . Union strikes were frequent;  and snag

vessels were used to eliminate the equipment of  nonparticipants and of

f i shermen other  than g i l lnetters . The gil lnetters made many efforts to pass

leg is lat ion  to  e l iminate  o ther  forms o f  f i sh ing . To this point however,

they had not been successful.

In 1902, the stage was set for further changes. Voters in Oregon passed

a constitutional amendment to provide for statewide initiatives and

referendums. As a result,the  people of  the State of  Oregon could actually

both make and veto laws. Through this  process  the  g i l lnetters ,  with  backing

from the Grange, the Oregon Federation of Labor, and the Oregon Fish

Commission, placed laws on the books designed to eliminate f ish-wheels,  fish-

traps  and forms o f  f i sh ing  other  than g i l lnets . This was done even though

fish-wheels and fish-traps are an efficient method of taking salmon.

The  important  po int  here  i s  that  the  g i l lnet ters  were  ab le  to  win  th is

batt le  foL- the  f i sh  in  the  Columhia  RiveL-  primarily  because ,  in  numbers ,  they

were the largest group. This, unfortunately, i s  just  the  oppos i te  o f  what
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might have been most desirable from the standpoint of  eff icient use of  a

common property resource. That  is , a large number of fishermen, using an

inefficient harvesting technique were now the primary harvesters of  the

Columbia River salmon resource.

As more and more restrictive legislation and regulations were passed

relative to the use of  the salmon stocks on the River,  an important

technology development occurred. The gasoline engine was developed to the

po int  where  i t  could  be  adapted  for  f i sh ing  vesse ls .  This  s tarted  a

substantial move out beyond the mouth of the Columbia River into the ocean

for  sa lmon f i shing . A primary purpose was to escape from the restrictive

regulat ions  regarding  gear  and other  act iv i t ies  on  the  River . The  o f f - shore

f i sh ing  technique  ( t ro l l ing)  i s  a lso  ine f f i c ient  when compared  to  poss ib le

river methods such as fish-wheels or traps.

Therefore, the Columbia River salmon commercial operations in the river

( g i l l n e t t e r s )  a n d  o f f - s h o r e  ( t r o l l i n g )  e v o l v e d  t o  t h e  p r e s e n t  d a y  s i t u a t i o n

of  a  large  number  o f  operators  us ing  ine f f i c ient  f i sh ing  methods . Since the

early 1900s to the present time, the Columbia River based fisheries have been

af fec ted  by  expanding  f i sh ing  e f for t  and  the  impos i t ion  o f  a  mult i tude  o f

complex  f i sh ing  regulat ions . This  s i tuat ion  a long  with  var ious  other  factors

( logging ,  dams,  po l lut ion , f i sh ing  by  fore ign  f leets ,  and  other  poss ib le

causes of  declining populations of  salmon) were the impetus for the

development of a number of attempts to improve the salmon management scheme.

These factors culminated, in 1976, in the passage of The Fishery

Management and Conservation Act. This Act was passed for the purpose of

at tempt ing  to  rat ional ize  domest i c  f i sh ing  e f for t  and  (probably  pr imar i ly )  to

contro l  fore ign  f i sh ing  within  two  hundred  mi les  o f  the  U.S .  coasts .

Regional Fisheries Management Councils were established to carry out the

requirements of  the Act. Included among the eight councils was the Pacific

Regional Fishery Management Council  which has the responsibility for

managing, among other species, the  sa lmon s tocks  that  are  explo i ted  o f f  the

coasts of  Oregon, Washington, and California. There has been considerable
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controversy  regarding  the  Counci l s  and  the ir  e f fec t iveness . Certa in ly ,  the

management of salmon under the Council is complex and difficult. One reason

is that the Council  has no genuine authority within the three-mile

t e r r i t o r i a l  s e a . These areas are under the authority of the state management

agenc ies . Therefore, cons iderable  coord inat ion , cooperation and compromising

has been necessary in order to develop the Fishery Management Plans that now

contro l  the  harvest ing  o f  sa lmon stock  o f f  the  coasts  o f  three  s tates .

The management of Columbia River salmon is also complicated because of

the ocean migratory pattern of the stocks. The Chinook, for example,  migrate

as far north as southern Alaska. This means that the Columbia River Chinook

and Coho are intermixing with other salmon populations and species up and

down the coast. The  harvest  in  a  part i cu lar  area ,  there fore ,  wi l l  general ly

include individual f ish from a number of  different populations. Interact ion

among these populations in a given fishing area represents a complication in

the management process. That  is , i f  one  s tock  i s  re lat ive ly  weak whi le

another  s tock  i s  s trong , normal fishing on the strong stock may tend to over-

fish or even eliminate the weak stock. The same is true, of  course, with

respect to wild and hatchery stocks. When many hatchery fish are stocked in

t h e  r i v e r , they intermix with less numerous wild stocks. The allowable

harvest  on  the  hatchery  s tocks  can  resul t  in  ser ious  over - f i sh ing  and further

d e c l i n e s  i n  t h e  w i l d  s t o c k s .  I n  p r a c t i c a l  t e r m s , what this means is that

heavy fishing off  the coasts of  British Columbia and Southern Alaska has

impacted on the Columbia River stocks, especially Chinook. It  has been

di f f i cu l t  for  f i shery  managers  to  at ta in  an  e f fec t ive  agreement  to  reduce

fishing on the Columbia River stocks in the northern areas because reducing

the allowable harvests of  Columbia Chinook stocks meant a substantial

reduction in the harvest of  Alaskan and Canadian stocks. This  was  espec ia l ly

c o m p l e x  b e c a u s e  t h e  agreement o f  both the Canadian  f i s h e r y  management  agency
and the agencies  invo lved  in  the  Alaskan fishel-ies  was  essent ia l . Each  uould
not agree, however, w i t h o u t  assurances that if fisher-men  in their  at-ea ve~-e

restricted, fishermen in the other- aleas would likewise  he restricted.  Tllis

is  important  because  hal f  OL- mole o f  f i sh  ol-iginating  in  the  Columbia  RiveL-

are caught off  the coasts of  Canada and Alaska.
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However, in the mid 1980s a treaty was signed between Canada and the

United States that may make effective regulation of the Pacific salmon

f i s h e r i e s  p o s s i b l e . The previous lack of  an enforceable agreement relative

to the Canadian and Alaskan catch of Columbia River stock made any rational

mitigation or enhancement plan impossible. Now, however, with  the  treaty ,

a n d  t h e  p o s s i b i l i t y  o f  e s t a b l i s h i n g  a p p r o p r i a t e  h a r v e s t  r e s t r i c t i o n s  o f f  t h e

coasts of  Canada, Alaska, California,  Oregon, and Washington, it  should be

possible to develop regulations that will  enhance upstream runs as salmon

stocks  are  increased . This possibility makes improved understanding of the

economics  o f  the  ocean f i shery  espec ia l ly  important .

CURRENT COLUMBIA RIVER SALMON FISHERIES

The commercial salmon fishery based on Columbia River stocks is made up

primarily of Chinook and Coho. In  examining  the  ro le  o f  the  ocean f i sher ies ,

i t  i s  important  to  ident i fy  the  ro le  o f  sa lmon f rom the  Columbia  River

r e l a t i v e  t o  t h e  o v e r a l l  s u p p l y  o f  f i s h  p r o d u c t s . I t  should  be  noted  that  in

the United States approximately 50 percent of  all  f ish products are imported.

United States salmon landings make up about 16 percent of  the value of  U.S.

f i sh  and  she l l f i sh  landings  and  approx imate ly  one  th ird  o f  the  va lue  o f  the

U . S .  finfish c a t c h . Relat ive  to  to ta l  f i sh  consumpt ion , the importance of

U.S. caught salmon would be less because of imports. The Columbia River

contr ibutes  about  6  percent  o f  the  va lue  o f  a l l  sa lmon,  approx imate ly  0 .7

percent  o f  the  va lue  o f  a l l  f i sh  and she l l  f i sh  landings  in  the  U.S .  and ,

there fore ,  about  0 .3  percent  o f  U.S .  f i sh  consumption . Thus, the  catch  o f

salmon from the Columbia River, whi le  extremely  important  loca l ly ,  does  not

c o n t r i b u t e  i n  a  s i g n i f i c a n t  w a y  t o  t h e  o v e r a l l  U . S .  f i s h  c o n s u m p t i o n .  I n

terms of importance by species, Columbia River Chinook make up nearly 40

percent of all Chinook caught and Columbia River Coho make up about 20

percent  o f  a l l  Coho  caught .

One element of  particular importance relative to the commercial salmon is

the  ba lance  o f  t rade . The exports of  salmon products are nearly nine times

that of  the imports of  salmon products. I n  f a c t , the value of  salmon
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products from throughout the U.S. makes up more than 50 percent of the value

o f  the  exports  o f  a l l  U.S .  ed ib le  f i sh  products . Exported Columbia River

commercially-caught salmon products are, however, a  re lat ive ly  smal l  percent

o f  the  to ta l  sa lmon exports .

There are more than 5,000 trollers operating off  the coasts of  Oregon,

Washington, and California. This  ca lcu lates  out  to  a  per -vesse l  average

value of  salmon catch of  below $5,000. Ninety percent of  the salmon troll

catch is made by about 2,000 vessels, representing an average value of  catch

of approximately $10,000 per-vessel. Even more revealing, is that only 500

vesse ls  (approx imate ly  one  tenth  o f  the  to ta l )  harvest  50  percent  o f  the  f i sh

and that this represents an average annual value of  catch per vessel of  only

about $20,000. Therefore, i t  i s  c lear  that  most  o f  the  vesse l  owners

operating in the coastal waters of  Oregon, California,  and Washington are

part-time fishermen at least in these waters; some fishing only a day or two

a year. Many of  these individuals have full-time jobs elsewhere and others

are  pr imari ly  f i sh ing  in  other  waters , such  as  o f f  o f  Alaska .

The  recreat ional  act iv i t ies  o f f  the  coast  o f  Oregon,  Washington ,  and

Cal i fornia  are  substant ia l . It  is  reported that there are more than one-half

mi l l ion  angler  t r ips  per  year  in  the  ocean areas . These are made up of

pr-ivate sk i f f s  or  p leasure  boats ,  and  charter  vesse ls . In  Cal i fornia , the

div is ion  i s  near ly  equal  between the  charter  vesse ls  and  pr ivate  boats .  In

Oregon, however, most  o f  the  angler  t r ips  are  on  non charter  vesse ls .  In

Washington, fisher-men trips on charter vessels out number those on pleasure

boats.

In terms of number of f ish caught, the  commerc ia l  catch  is  substant ia l ly

higher  than the  recreat ional  catch  o f f  the  coast  o f  Califor-nia  and

Washington, and in the Columbia River. This is also the case for-  Chinook off

the coast of Or-egon. However, t h e  reel-eational  f i s h e r y  t a k e s  t h e  lar-gest

number of Coho off the Oregon coast . Overall , the  cornmel-cial  catch  accounts

for almost two-thirds of the total number- of Coho and Chinook caught

commercially and recreationally in the ocean and Columbia River- f isheries.
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As was  indicated  ear l ier , the  e f for t  in  both  the  recreat ional  and

commercial f isheries has increased over the past several decades. This has

resul ted  in  greater  and greater  restr i c t ions  re lat ive  to  commerc ia l  and

recreat ional  harvest ing . This is particularly evident in terms of the number

o f  days  o f  f i sh ing  a l lowed  for  sa lmon o f f  the  coasts  o f  Oregon , Washington,

and California. For example, in  the  late  1970 ’s  the  a l lowable  recreat ion

fishing days were approximately 185, with bag limits of  up to three salmon.

In  recent  years , allowable days have been lowered to about 40,  bag l imits

have been reduced and additional restrictions have been imposed. The

reduction on the commercial side is even greater. In the commercial ocean

f i s h e r i e s  i n  t h e  l a t e  197Os, the number of  allowable f ishing days for at

least one salmon species was nearly 140. In recent years this has been

reduced to less than 10. The  dec l ine  in  legal  f i sh ing  days  in  the  r iver

commerc ia l  f i shery  has  been re lat ive ly  less , from approximately 40 to 20.

These reductions in allowable f ishing days and allowable catch are a

re f lec t ion  o f  the  fact  that  the  ex is t ing  commerc ia l  and  recreat ional  e f for t

is substantially greater than would be required to take the allowable catches

with fishing seasons the length they were a decade ago. T h i s  i s  a  t y p i c a l

result with a common property resource when entry into the industry is not

r e s t r i c t e d .
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Chapter 2

Mathematical Programming Models of the Ocean Salmon Fishery

INTRODUCTION

Mathematical programming offers a potentially attractive way to model the

bio-economics of  the ocean fishery for salmon. It  also provides a means to

explore the effect of  different management alternatives on these

re lat ionships .  Formally, the mathematical programming model is a

constra ined-opt imizat ion  prob lem that  i s  s tated  in  terms o f  s ing le -va lued

cont inuous  d i f ferent iab le  funct ions . This  type  o f  model  o f fers  l imited

opportuni t ies  to  cons ider  s tochast i c  e lements  o f  the  f i shery  prob lem.

However, i t  has  the  potent ia l  capabi l i ty  o f  handl ing  large  var iab le  set

(Hi lgaer , e t  a l . )  and  possesses  o ther  at tr ibutes  which  enhance  i ts

des irabi l i ty  as  a  way  to  quant i tat ive ly  represent  the  ocean sa lmon f i shery .

In  the  fo l lowing , we will discuss how mathematical programming might be

applied to the salmon ocean fishery problem. We shall  also assess the pros

and cons  o f  some a l ternat ive  formulat ions  for  th is  c lass  o f  models ,  and

propose a particular formulation which we believe strikes a reasonable

balance between ease of computation, f l e x i b i l i t y  o f  u s e  a n d  r i c h n e s s  o f

r e s u l t s .  The assumptions necessary to develop this type of  model are

s p e c i f i e d , and  i ts  des irabi l i ty  as  a  way  to  model  the  f i shery  i s  eva luated .

The mathematical programming approach has four key advantages. I t  o f f e r s

a practical way to bypass the parsimonious use of  vat-iables  required by other-

approaches. I t  i s  o r i e n t e d  t o w a r d s  e x p l o r a t i o n  o f  t h e  e f f e c t  o f  differ-ent

management policies on key variables 1-a ther than tol.!aL-ds  the es tima tion of

parameters. I t  a l l o w s  e x p l i c i t  fol-mulation  o f  t h e  cl-item-ion to b e  used when

choos ing  between feas ib le  a l ternat ives .  I t  a l s o  pL-ovidey a  r e l a t i v e l y  L-i ch

s e t  o f  r e s u l t s , including consistent and inte~pL-etable  shadow value.5 to the
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ocean fishery for the salmon entering the ocean fishery and those returning

t o  t h e  r i v e r .  Such shadow prices would be essential  in evaluating policies

aimed at increasing or maintaining salmon stocks.

Policies developed to change recruitment or escapement are l ikely to

require a detailed representation of  the types of  salmon present in the ocean

f i s h e r y .  Such policies are l ikely to focus on enhancement of  wild

populat ions  or  on  increased  re leases  o f  hatchery  s tock .  Thus, the spawning

source needs to be distinguished in a salmon fishery model.  Management

programs also will  be concerned about population differences among rivers.

Hence, spawning location and species composition become important. The age

or size of  salmon also are important:  p o l i c i e s  t h a t  i n c r e a s e  f i s h i n g  i n  t h e

lower Columbia River will ,  for example, increase  the  catch  o f  o lder  larger

sa lmon re lat ive  to  po l i c ies  which  encourage  o f f - shore  f i sh ing .  Given such

p o l i c y  o p t i o n s , salmon would need to be distinguished by spawning source,

spawning location, species, and age or size. It  would also be necessary to

separate the successive runs or cohorts of  salmon entering the ocean fishery

over time.

Faced with so many attributes, homogeneous variable definitions can be

obta ined  only  by  de f in ing  large  var iab le  sets .  Suppose, for example, salmon

sub-populations are defined for six ages,  two species,  two spawning periods,

f ive  spawning  locat ions , and twelve successive runs or cohorts.  1,440

variables would then be required to completely describe the salmon fishery’s

population. Mathematical programming models have the potential to

cons is tent ly  evaluate  such  sets  o f  var iab les .  Most other approaches would

require either aggregation into more heterogeneous groupings or the

def in i t ion  o f  compl i cated  var iab les .

When a large number of variables are defined, simulation and mathematical

programming gain prominence in  the  l i s t  o f  poss ib le  model l ing  approaches .

Simulation offers a positive ad hoc approach which can include stochastic

elements. Ident i f i cat ion  o f  good  or  bet ter  so lut ions  i s  o f ten  a  matter  o f

j udgemen t , however, and the reason why a particular- solution has emerged is
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o f ten  d i f f i cu l t  to  extract  f rom the  “b lack  boxes”  o f  a  large  s imulat ion

model. An extensive discussion of  the relative strengths and weaknesses of

simulation models is found in Volume II.  Mathematical programming is a

normat ive  determinist i c  approach  in  which  an  expl i c i t  ob ject ive  funct ion  i s

s p e c i f i e d , and solutions are unambiguously ranked according to a particular

value. The  expl i c i t  ob jec t ive  funct ion  prov ides  the  necessary  foundat ion  for

the computation and interpretation of shadow prices for the uncaught salmon.

As noted before, these values are a key benefit  of  the mathematical

programming alternative.

Although shadow prices are one of  the most valuable results from a

programming model, they  are  on ly  one  o f  severa l  potent ia l  outputs .  A

mathematical programming model of the ocean salmon fishery would determine

whether a set of  escapement goals could be feasibly attained when recruitment

and catch  are  at  part i cu lar  leve ls .  It  would provide a profi le of  an optimum

harvest , and could show how this harvest would be affected by various

c o n t r o l s  o n  f i s h i n g  e f f o r t  o r  i n t e n s i t y .  The model could also be used to

isolate the effect of  changes in recruitment levels on the number and type of

salmon caught, the  va lue  o f  the  f i shery , and the number of salmon escaping to

the  r iver .  We be l ieve  th is  set  o f  potent ia l  resul ts  i s  r i ch  enough to

justify consideration of a mathematical programming formulation of the ocean

f i s h e r y .

GENERAL MODEL STRUCTURE AND APPROACH

The heart of  most bio-economic analyses is a f ish population dynamics

system which  re lates  harvest  or  catch  to  f i sh  s tocks  (Clark) .  Stocks  are ,  as

Beverton and Holt pointed out many years ago, dependent on recruitment,

growth , natural  mortal i ty , and fishing mortality.  I f  f i s h i n g  m o r t a l i t y  i s

rep laced  by  e f for t  and  intens i ty  (where effor-t  measures  the  catching  power  o f

an individual vessel and intensity measures the number and composition of

vesse ls  in  a  g iven  area  at  a  g iven  t ime) , catch may be r-elated to f ish stocks

and harvest  e f for t  in  a  s ing le  re lat ionship .  Chambers and St t-and, for

example, express the harvest level (II+  )  as
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c*E
h, = .-Et + M (1 - Tt)Xt

t
(2-l)

where X
t

i s  t h e  s i z e  o f  t h e  r e s o u r c e  s t o c k  a t  t i m e  t ,  Et i s  a  v e c t o r  o f

e f f o r t  l e v e l s  f r o m  d i f f e r e n t  g e a r , c  i s  a  vector  o f  instantaneous  rates  o f

morta l i ty  due  to  a  uni t  o f  e f for t , M is instantaneous natural mortality,  and

-ct i s  the  proport ion  o f  current  populat ion  transmit ted  f rom per iod  t  to

p e r i o d  t + l .

Most programming models would separate the effect of  f ishing effort and

intens i ty  f rom the  e f fec t  o f  f i sh ing  s tocks  on  harvest . F ishing  e f for t  and

intens i ty  would  appear  in  the  ob jec t ive  funct ion  in  the  form o f  a  cost  or

supply  funct ion . The effect of  stocks on catch would be represented in the

constra int  set  o f  the  model . This  separat ion  fo l lows  the  t radi t ional

economic approach of maximizing or minimizing an economic value subject to a

g iven  input -output  re lat ionship . Object ives  that  would  f i t  th is  part i cu lar

model structure would include minimization of the costs of  harvest,

maximization of the value of  the catch and maximization of the economic

surplus  created  by  the  f i shery . A similar structure could serve for a model

that maximizes catch or maximizes escapement for a given catch. The

separation of  harvest effort and intensity from the population dynamics is a

distinguishing feature of a mathematical programming model for a f ishery (Lir

and Wi l l iams;  Rothschi ld  and Bals igner ;  S iegal ,  e t  a l . ) .

Management controls or programs can be incorporated into the mathematical

programming model either as part of  the constraints or as part of  the

formulat ion  o f  the  ob ject ive  funct ion . Constraints establishing minimum

escapement  goals  or  recrui tment  leve ls  are  examples  o f  the  f i rs t  a l ternat ive .

Development of  harvest costs or demand functions based on a given division of

catch between commercial and sport fishermen would be an example of the

second. Some management policies must be analyzed by changing one or more

parameter values and either re-solving the problem OL-  performing a post-

opt imal i ty  analys is . Change in specified recruitment levels would be one

example  o f  th is  th ird  a l ternat ive . Between the tht-ee alternatives,  most
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management policies can be introduced into and analyzed through a

mathematical programming model.

In  the  fo l lowing , we  f i rs t  de f ine  a  set  o f  var iab les  that  can  reasonably

descr ibe  the  populat ion  o f  sa lmon present  in  the  ocean f i shery .  We then

introduce a simple numbers-of-f ish accounting system and develop it  into a

set  o f  l inear  constra ints  descr ib ing  the  f i shery ’ s  populat ion  dynamics .

DESCRIBING THE SALMON POPULATION

Perhaps the first task in developing a mathematical programming model is

to decide how to describe the salmon population. As noted in the

introduct ion , one may either define homogeneous subpopulations or develop a

set of  complex variables with grouped or heterogeneous attributes. Since a

primary advantage of mathematical programming is its capability of  handling

large  var iable  sets , we focus on the definition of  homogeneous

subpopulations.

In  the  fo l lowing  d iscuss ion , the  le t ter  x  wi l l  be  used  to  denote  a

quantity of  salmon caught from the ocean fishery. The  le t ter  y  wi l l  denote  a

quantity of salmon that remains uncaught. Total population can be

represented by summing x and y. Subpopulations can be defined by appending

subscr ipts  to  these  var iables . Three  subscr ipts  wi l l  be  d is t inguished : the

type of  salmon to which the variable applies, the age of the salmon to which

the  var iab le  re fers , and the time period in which the variable is relevant.

Thus,  xiat will  represent the quantity of  salmon of type i  and age a caught

in  t ime per iod  t ,  and  yiat wi l l  represent  the  quant i ty  o f  sa lmon o f  type  i

and age  a  which  i s  not  subject  to  f i sh ing  morta l i ty  in  per iod  t .

The  subscr ipt  t  wi l l  be  interpreted  as  a  d iscrete  var iab le  enumerating  a

set of  dates spread along a time continuum. The time between the t\!o

success ive  dates  t  and  t+ l  wi l l  be  refel-red  to  as  t ime peL-iod  I , . The t ime

“ i n t e r v a l ” w i l l  b e  u s e d  t o  d e s i g n a t e  tl.10 OL nlol‘e  s u c c e s s i v e  pel-iods. \a! e

shall  assume the dates are spread \:ridely  enough along the collt inullnl  to allor
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the assumption that all  salmon from a particular run enter the ocean fishery

on a  part i cu lar  date . For convenience, the  s tart  o f  a  p lanning  per iod  or

other  key  interval  wi l l  a lways  be  des ignated  by  t=l.

The term “type of  salmon” is used to refer to any homogeneous subgrouping

of  f i sh  that  i s  d is t inguished  by  spec ies , spawning location and spawning

source . Other attributes of  the salmon in the fishery may be used to

distinguish between types if  necessary. For example, one might distinguish

between salmon caught in different geographic areas within the fishery. The

s e t  n o t a t i o n  i  i s  c o n t a i n e d  i n  I  w i l l  b e  u s e d  t o  r e f e r  t o  t h e  s e t  o f  a l l

possible types of  salmon.

Although the  subscr ipt  var iable  “a” technically may take any non-negative

integer  va lue , i t  wi l l  be  convenient  to  l imit  th is  var iab le  to  the  integers  1

to  6 . This implies that all  salmon return to the river to spawn before age

7. Age will  be set to 1 when the salmon arrive in the ocean fishery,  and it

will  be assumed that some salmon return to the river at ages 3,  4,  and 5.

Thus, tenure within the ocean fishery will  vary from 3 to 6 years. This

tenure designation may be lengthened or shortened in the model, depending on

the type of  salmon considered.

For convenience, we  shal l  re fer  to  the  sa lmon recrui ted  at  date  t  as

“ c o h o r t ”  t . This designation will  be maintained as long as the fish remain

i n  t h e  f i s h e r y .

MODELING THE POPULATION DYNAMICS OF THE FISHERY

A key task in developing a mathematical programming model is the

construct ion  o f  a  set  o f  constra ints  descr ib ing  the  populat ion  dynamics  o f

the  ocean f i shery . Since the number of homogeneous subpopulations is

expected  to  be  large , the method to be used in solving the programming model

becomes an important consideration when formulating the population dynamics

system. I f  the  constra int  set  i s  l inear  in  both  var iables  and parameters ,  a

linear or quadratic model can be used. A linear programming model would
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place minimal restrictions on the number of  defined subpopulations,  since

such models may contain thousands of  variables and stil l  be solved by the

Simplex Method. This will  not be true for quadratic programming, although

the  poss ib i l i ty  ex is ts  that  th is  type  o f  model  may be  so lved  for  enough

salmon subpopulations to make it  a useful alternative. Other mathematical

programming models are less promising, s ince  they  tend  to  be  restr i c ted  in

s ize  by  avai lab le  so lut ion  a lgor i thms. The number of feasible homogeneous

salmon subpopulations would be too small  to successfully describe the ocean

salmon fishery .

Given these considerations, it  seems reasonable to model the population

dynamics of  the salmon in a way that is consistent with the use of  l inear and

quadratic programming. Thus, we formulate a number of fish equation systems

based  on  a  set  o f  d iscrete  t ime  per iods . This system can be expressed in a

l inear  form, or  i t  can  be  general ized  to  a l low for  natural  surv iva l  rates

which are dependent on population density. The  lat ter  opt ion  i s  on ly

feas ib le ,  however , if  the equation system is extended into a nonlinear form.

Such a nonlinear extension is outlined later in the paper. I n i t i a l l y ,  w e

discuss  the  l inear  form which  i s  required  for  the  l inear  and quadrat ic

programming options.

The l inear system is developed in two steps. F i r s t , a  g iven  cohort  i s

consider-ed. Then a  set  o f  constra ints  i s  deve loped  for  a l l  cohorts  in  a

g iven t ime interval . Type  o f  sa lmon is  in i t ia l ly  restr i c ted  to  a  s ing le  type

in  both  cases . More than one type of  salmon is considered in a later section

where pr-ogramming  models based on the l inear constr-aint  set are presented.

POPULATION DYNAMICS FOR A GIVEN COHORT

The population dynamics fol- a given cohort and type of salmon may be

expressed for any particular- set of  t ime periods, provided these periods span

the  interval  that  the  cohort  res ides  in  the  f i shery . FOL- OUL- pilLposes,  a

six-year interval is used because we assume some salmon remain in the ocean

f i s h e r y  u n t i l  a g e  7  b e f o r e  I-eturning  t o  t h e  r-iver. (As  noted  ear l ier , the
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assumption regarding age may be relaxed, i f  needed.) Also,  when several

cohorts  enter  the  f i shery  within  a  year , t  can be defined for enough periods

that each cohort may be assumed to be recruited on a date represented by a t .

These  restr i c t ions  create  the  bas ic  s tructure  o f  the  populat ion  dynamics

system for a given cohort and type of  salmon.

Given this  bas ic  s tructure , we may formulate a simple accounting system

relating the number of  salmon caught during period t to the number of

uncaught salmon that survive from period t to period t+l. Keep in mind that

while it  is  assumed here that each period represents one year,  this could be

altered so that t  can represent any period length. Let  t=tl  be  the  beg inning

d a t e  o f  t h e  f i r s t  y e a r ,  t=t2 the  beg inning  date  o f  the  second  year ,  t=t3 the

beginning date of  the third year and so on the for the six years that the

cohort  res ides  in  the  ocean f i shery .
1

Then the accounting system may be

expressed as :

‘ilt + Yilt = hit t = t 1 (Z-2)

“iltYilt + ‘itxilt = ‘il t + l  +  ‘il t + l, ,

OLiltYilt + ‘itxilt = ‘i2,t+l  + ‘i2,t+l

aiat(l  - ‘iat)Yiat = ‘ia t+l +  ‘ia t + l7 ,

t  =  t1,...,t2 - 2 (2-3)

t = t2 -1 (2-4)

a=2,. 5* * , (2-5)

t  =  ta,...‘ta+l  - 2

aiat(l  - ‘iat)Yiat = ‘i a+ l,t+l + ‘i,a+l,t+l  a = 2’**“5 (2-6)
t

t = t a -’

Y iat > O Xiat > O V i ,a,t (2-7)

ri l t
= 0 -ci6t = 1 O L riat 5 1 when a  = 2,...,5 V i , t (2-B)

0 < aiat < 1 O L f3it  ’ 1 V i,a,t (2-9)
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In  th is  system,  parameters  are  denoted  as  greek  le t ters  and  var iab les  as

roman letters.
2

Variables and parameters are defined as:

x. =iat number of  salmon of type i  and age a caught in period t ,

Y-iat = number of  salmon of type i  and age a that are not caught in

p e r i o d  t ,

a.iat = the natural survival rate of  uncaught salmon of type i  and age

a  f rom per iod  to  to  per iod  t+l,

f3. =1t the  surv iva l  rate  to  per iod  t+ l  o f  sa lmon o f  type  i  and  1

caught  and returned  to  the  f i shery  in  per iod  t ,

r.
iat =

the  proport ion  o f  sa lmon o f  type  i  and  age  a  that  return  to  the

r i v e r  i n  p e r i o d  t ,

1-1. =1t the  number  o f  sa lmon o f  type  i  recrui ted  into  the  f i shery  on

d a t e  t .

Note  that  one  o f  these  systems would  ex is t  for  each  i  i s  conta ined  in  I  and

for each t included in the planning horizon that represents a date when

salmon are  recrui ted  into  the  f i shery .

System (2-2)-(2-9)  i s  ca l led  an  account ing  system because  i t  does  not

contain growth or mortality equations. Instead, i t  s imply  accounts  for  the

number  o f  sa lmon o f  type  in  the  f i shery  at  each  o f  the  dates  in  the  interval .

Equat ion  (2-2), for  example , states that the number of salmon caught in

period t plus the number not caught equals the number recruited at the

beginning  o f  per iod  t . The adjustment for natural and shaker mortality

occurr ing  in  per iod  t  i s  accompl ished  in  equat ion  (2-3), which  re lates  the

number of  salmon surviving at the end of the period to the number caught and

not  caught  in  per iod  t+ l . In  equat ion  (2-3),  and  in  every  succeeding

equation, the natural and shaker mortality taking place during the time

per iod  i s  accumulated  and  charged  to  the  f i shery ’ s  populat ion  at  the  end  o f

the period. As  equat ions  (2 -5 )  and  (2 -6 )  ind icate ,  the  same i s  t rue  for  the

number of  two year old and older salmon returning to the river in period L.

Natural  survival  rates  (aiat), shaker survival rates (Bit), and escapement

rates  ( Tiat) are  there fore  expected  va lues  for  the  per iod . This  type  o f
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approx imat ion  to  the  cont inuous  b io log ica l  processes  o f  the  f i shery  i s  a

resul t  o f  the  t reatment  o f  t ime as  a  d iscrete  var iab le .

I f  the  a ,  6, and  ‘c components  are  a l lowed to  be  funct ions  o f  the  catch

and populat ion  leve ls , equat ions  (2-2)-(2-9)  would  be  a  re lat ive ly  genera l

population dynamics system. 3 But this system would also be nonlinear in

variables and would rule out l inear and quadratic programming formulations.

the linear system is obtained by assuming that a,  8, and t  are predetermined

parameters. Thus, this system cannot allow for population density dependent

survival and escapement rates.

The  part i cular  restr i c t ions  inc luded in  system (2-2)-(2-9)  maintain  that

a l l  seven year  o ld  sa lmon return to  the  r iver ,  that  some “ jacks”  may return

a t  a g e s  t h r e e ,  f o u r ,  o r  f i v e , and that no one year old salmon return. Salmon

of  age  three  to  f ive  are  not  required  to  return : note ,  f or  example ,  that

s e t t i n g  riat--0 would imply that no two year old salmon of type i  return to

t h e  r i v e r  i n  p e r i o d  t . I t  s h o u l d  a l s o  b e  n o t e d  t h a t  s e t t i n g  riat=l  w i l l

imply that all  surviving salmon have returned to the river by age a. The

var iab les  x  and  y  in  the  system for  a l l  h igher  ages  wi l l  be  forced  to  zero  by

this parameter choice.

The population dynamics system also incorporates the policy that salmon

caught  dur ing  the ir  f i rs t  year  in  the  ocean are  returned  to  the  f i shery .

This  management  po l i cy  may be  removed by  set t ing  Bit=0 for  a l l  i  and  t .  I t

should  be  noted  that ,  as  de f ined ,  fSit measures both the immediate mortality

from the trauma of being hooked and the natural mortality that would occur

dur ing  per iod  t .

Although simple in concept, system (2-2)-(2-9)  is complicated by the need

to keep track of  independently-varying and time period subscripts. A  spec ia l

case  in  which  a l l  t ime  per iods  are  set  equal  to  one  year  and  only  one  cohort

is  assumed to  enter  the  f i shery  in  each  year  great ly  s impl i f ies  the  a lgebra .

Y e t  t h i s  s p e c i a l  c a s e  e x h i b i t s  a l l  o f  t h e  e s s e n t i a l  a s p e c t s  o f  t h e  m o r e

general system. We shal l  introduce  th is  spec ia l  system here  and use  i t  in
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the ensuing development. The procedure necessary to develop the more general

system should be obvious from the special case.

The single-cohort annual period system is

X
i l t + ‘ilt = hit (2-10)

OLilYilt +  ‘ixilt = ‘i2 t + l  +  ‘i2 t + l (2 -11 )

aia(l  - ‘ia)Yia t + a - 1  ’ ‘i a+1 t:a +  ‘i a+1 t + a a = 2,...,5 (2-12)
, , , , ,

where  a l l  var iab les  and  parameters  are  as  ear l ier  de f ined . Note  that  th is

system also incorporates the assumption that the mortality and escapement

rates  are  t ime invar iant . Thus, the  t ime subscr ipt  i s  suppressed  on  the  a ,

8, and r parameters.

FOCAL INTERVALS AND CONSTRAINT SETS

It  would  be  imposs ib le  to  f i sh  for  a  s ing le  cohort  or  age  o f  sa lmon in  a

fishery where several cohorts are comingled. Thus, we need to expand the

cohort  equat ion  system o f  the  last  sect ion  to  account  for  the  catch  o f  a l l

ages  o f  sa lmon in  a  part i cu lar  t ime per iod . We also need to add a set of

escapement  goa ls  to  complete  the  constra int  set  for  a  g iven  type  o f  sa lmon.

The result is a population dynamics “module” which can be used as a basic

building block in a mathematical programming model.  One module for each type

of  sa lmon present  in  the  f i shery  wi l l  f orm a  bas ic  constra int  set  for  a  model

o f  t h e  f i s h e r y . This  set  can  be  rev ised  as  needed  to  represent  d i f ferent

management  contro ls  or  to  f i t  d i f ferent  model  forms. I t  i s  t h e  “ h e a r t ”  o f

the programming models under consideration.

To  model  f i sh ing  morta l i ty  for  a  g iven  type  o f  sa lmon in  a  g iven  t ime

per iod , i t  becomes  necessary  to  choose  a  foca l  cohort  and  to  cons ider  a l l

o t h e r  c o h o r t s  o f  t h i s  t y p e  o f  f i s h  s i m u l t a n e o u s l y  p r e s e n t  i n  t h e  f i s h e r y .  I f

recruitment and escapement are to be related through the population dynamics

o f  t h e  f o c a l  c o h o r t , enough time periods must be considered to account for

the  tenure  o f  the  cohort  in  the  f i shery . Under the assumptions of the
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spec ia l  case  descr ibed  by  the  equat ion  system (2-lo)-(2-12),  s ix  t ime  per iods

would be needed. F o r  t h e  g e n e r a l  s y s t e m  ( 2 - 2 )  - (9), t7-tI t i m e  p e r i o d s

would be required. T h e s e  p e r i o d s  c o n s t i t u t e  t h e  f o c a l  i n t e r v a l  o f  t h e

c o n s t r a i n t  s e t .

B y  d e f i n i t i o n ,  o n l y  t h e  t e n u r e  o f  t h e  f o c a l  c o h o r t  o f  s a l m o n  w i l l  f a l l

complete ly  with in  the  foca l  interval . Al l  o ther  cohorts  s imultaneous ly

present  wi th  th is  cohort  wi l l  have  one  or  more  per iods  that  fa l l  outs ide  the

i n t e r v a l . T h i s  i s  i l l u s t r a t e d  i n  f i g u r e  1  f o r  t h e  c o h o r t  s y s t e m

(2-lO)-(2-12). Note  that  i f  the  model  has  the  foca l  interval  as  i t s  p lanning

hor izon , i n i t i a l  c o n d i t i o n s  w i l l  h a v e  t o  b e  e s t a b l i s h e d  f o r  c o h o r t s  0 ,  - 1 ,

**, -4  and terminal  condi t ions  for  cohorts  2 ,  3 , . . . , 6. Morta l i ty  occurr ing

p r i o r  t o  t h e  f o c a l  i n t e r v a l  c a n  b e  u s e d  t o  d e v e l o p  t h e  i n i t i a l  c o n d i t i o n s .

Minimum restrictions on the number of salmon remaining in the fishery in the

per iod  a f ter  the  foca l  interval  can  be  used  to  terminate  the  model .

Let the numbers of  salmon of type i  remaining in the fishery in the

per iod  a f ter  the  foca l  interva l  be  denoted  by  wi2,wi3,...,wi6, where  wi2 i s

the number of two-year old salmon, wi3 is the number of  three-year old

salmon, and so on. Then i f  minimum populat ion  leve ls  are  spec i f ied  for

sa lmon o f  ages  two  to  s ix  in  the  seventh  per iod ,  the  terminal  condi t ions

become :

W ia > iia a  =  2,...,6 i El (2 -13 )

where w
ia

is the predetermined minimum population level. T h e s e  r e s t r i c t i o n s

may be  e f fec t ive ly  removed  by  set t ing  Wia equal  to  zero . b u t  i t  i s  u n l i k e l y

such a management policy would be endorsed, s ince  i t  would  imply  poss ib le

ext inct ion  for  the  sa lmon.

The  equat ion  system for  the  foca l  interval  corresponding  to  the  case

r e p r e s e n t e d  i n  f i g u r e  2 . 1  i s :
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Figure  2 .1 . Representat ion  o f  Cohorts  o f  Sa lmon o f  Type  I Present  in
Fishery During Tenure of the Focal Cohort.  Assumptions
Include One Cohort Per Year and Annual Time Periods
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X ial + Yial  = bi 2-a a=2,...,6 (2 -14 )
,

‘ilt + ‘ilt = ‘Jit t=l , * f - , 6 (2 -15 )

“ilYilt - ‘ixilt +  Xi2,t+l  +  ‘i2, t + l  = O t=l,...,S (2-16)

-’la (l-riat)Yiat  +  ‘i’a+l t+l +  yi a+1 t+l = O ~r:~.“~: (2 -17 )
9 9 , , * * - 9

“il’il6 + Bixi16 1 ‘i2

aia( leria)Yia6  1 ‘i , a+1
6
’ ‘iaYiat  > ‘it

a=2

(2 -18 )

a=2,...,5 (2 -19 )

t=1,...,6 (2 -20 )

Equations (2-14) - (2-19) are obtained by repeatedly applying the cohort

system (2 -10)  - (2 -12)  to  the  e leven  cohorts  o f  the  foca l  interval . These

equat ion  are  rearranged  so  that  the  in i t ia l  condi t ions  for  cohorts  0 ,

-l,..., 4  are  g iven  in  equat ion  (2 -14)  and  the  terminal  condi t ions  for  cohorts

2 ,...,6 are  g iven  in  (2 -18)  and  (2 -19) .  Equat ion  (2 -20)  introduces

escapement goal constraints which state that the number of  salmon of type i

returning  to  the  r iver  dur ing  per iod  t  must  equal  or  exceed  the  goal  Ait.

Al l  var iab les  and  parameters  except  bit are  as  de f ined  prev ious ly ;  bit i s

defined below.

The terminal equations (2-18) and (2-19) are obtained by first applying

the  de f in i t ion  o f  wi t  to  the  cohort  system (2 -10)  - (2 -12)  for  the  cohorts  2 ,

. . . , 6  and then subst i tut ing  into  (2 -13) .  The  var iables  bi 2-a represent  the

number of salmon from cohorts 0,  -l,... , -4  present  in  the  fishery on  the

beginning  date  o f  the  foca l  interval . These coefficients may be computed

from histor ica l  catch  s tat is t i cs  by  apply ing  the  fo l lowing  formulas :

5
b i , - 4  = ll aia(l-ria)[aillJi -4 - (ail-Bi)XiI,-4  - ‘i2,-31

a=2 t
(2 -21 )

5 5
- ll aia(l-Tia)ii3  -2 - lla. ( 1-ria)xi4,-l  - Oj(‘-T3)“i50

a= 2
, a=41a

b. 3=
I,-

II aia(l-Tia)[  a.
a=2

ilui,-3 - taileBi)“il,-3  - ‘i2,-2l (2 -22 )
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4
- ll aia

a=3
( ‘-‘ia)xi3 -1

f
- ai4t1pri4)xi4f)

b i , - 2  = ll aia( 1-ria)  [ a.
a=2 ilui,-2

b i , - 1 = ai2(1-Ti2)[a. il’il,-1 - ( ail-Bi  )‘il -117

b
i0 = ailui10 - (OLil-6i  )xilO ’

‘i2,-1 1 (2 -23 )

(2 -24 )

(2 -25 )

Formulas (2-21) - (2-25) are derived from the cohort equation systems by

subst i tut ing  out  the  yiat populat ion  var iab les  for  the  t ime  per iods  0 ,

-1 f * * * , - 4 . The  bar  over  the  catch  var iables  x iat  indicate  that  these

var iab les  should  be  ass igned  the ir  h is tor i ca l  va lues  for  the  t ime per iods

preceeding  t=l. Since these values would be known, the computed coefficients

f o r  t h e  bit would provide the initial  conditions needed to model the

population dynamics within the focal interval.
4

The population dynamics module i l lustrated by (2-14) - (2-20) may be

stated for a more general situation by performing similar algebraic

manipulat ions  on  the  cohort  system (2 -2 )  - (2 -9 ) . Although the procedure is

the same, the algebra for this general case is more tedious,  and the number

of  equa i o n s  i s  s i g n i f i c a n t l y  l a r g e r . Steps for constructing such a

popula t on dynamics module are given in Appendix 2A. It should be noted,

however that an explicit  set of  equations and formulas for computing the

i n i t i a l condi t ions  cannot  be  wr i t ten  unt i l  a  part i cu lar  set  o f  dates  and

periods is  establ i shed .

Figure 2.2 i l lustrates how both the number of  equations for-  a cohort and

the number of  cohorts in the focal inter-val increase as the number-  of  defined

t ime per iods  i s  increased . This figrlre is based on the assumption that two

cohorts  o f  sa lmon enter  in  each  y e a r  and that  a l l  t ime  per iods  at-e  s ix  months

in  length . The figure shows that the number of  cohorts appearing in the
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Figure  2 .2 . Representation of Cohorts of Salmon: Two Cohorts Per Year,
Semi-Annual Time Periods
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focal interval increases from 11 to 23 and that the number of  equations

required to describe the population dynamics increases from 47 to 178 (one

equat ion  for  each  po int  in  the  foca l  interval  p lus  one  escapement  goa l  for

each  cohort  ending  in  the  interval ) . 5
This number would decrease to 172 if an

escapement  goa l  i s  es tab l i shed  for  each  year  instead  o f  each  cohort .  I f ,

say ,  15  types  o f  sa lmon are  ident i f ied  in  the  f i shery ,  the  l inear  constra int

set of  this mathematical programming model would consist of  2,670 equations.

The tendency for the constraint set to grow big as more realistic models are

formulated justif ies our earlier concern about solution method and model

form. It  also explains why linear programming might be the most feasible of

the various mathematical programs that can be constructed around the linear

constra int  set  for  the  ocean sa lmon f i shery .

MODELS WITH LINEAR CONSTRAINT SETS

The population dynamics module formulated in the previous section offers

no  way  to  choose  part i cu lar  va lues  o f  the  xiat as  e i ther  more  des irab le  or

more  feas ib le .  To model these aspects of  f ishing mortality,  we need to

represent catch in a way that makes it  responsive to the effects of

management policies, t e c h n i c a l  r e a l i t i e s  a n d  f i s h i n g  p r a c t i c e s .  The

def in i t ion  o f  des i rab i l i ty  and  the  determinat ion  o f  des i rab le  catch  leve ls  i s

the role of  the objective function in mathematical programming. Establ ishing

what can be feasibly caught from the subpopulations I-equires further

development of  the constraint set.

The missing ingredients would be supplied in a linear programming model

through the  introduct ion  o f  a  l inear  ob ject ive  funct ion  and a  set  o f  l inear

f i s h i n g  a c t i v i t i e s .  S ince  l inear  programming is  one  o f  the  least  restr i c t ive

mathematical programming formulations in terms of the number of feasible

variables and equations, we  shal l  beg in  with  th is  modelling a l ternat ive .  The

l i n e a r  o b j e c t i v e  f u n c t i o n  a n d  f i s h i n g  a c t i v i t y  w i l l  b e  introduced f i r s t .

These components then will be combined with the example formulation of the

population dynamics module presented in equations (2-14) - (2-20)  to produce

an i l lustrat ive  l ineal -  programming model  o f  the  ocean  sa lmon fishery. TO

s impl i fy  expos i t ion , t h e  m o r e  general  m o d e l  b a s e d  o n  t h e  cohol t system (2.~2)
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- ( Z - 9 )  w i l l  n o t  p r e s e n t e d . It can be constructed, however,  in the same way

that  the  i l lustrat ive  model  i s  deve loped .

Linear Objective Functions

One simple l inear objective function would be to maximize the total catch

from the salmon fishery:

Maximize x=cccx
t i a iat (2 -26 )

Under  th is  cr i ter ion , escapement goals would be exceeded only because f ishing

cannot exactly target particular ages and types of  salmon. T h i s  c r i t e r i o n

takes no explicit  cognizance of  either the demand for salmon or the costs of

harvest. I t  would  be  economica l ly  e f f i c ient  on ly  i f  demand is  essent ia l ly

p e r f e c t l y  e l a s t i c  a t  p r e v a i l i n g  p r i c e s , and the  f i sh ing  industry  i s  over -

capitalized to the extent that virtually any amount of  salmon can be caught

at a constant marginal cost.  Then, i f  m a r g i n a l  c o s t  i s  l e s s  t h a n  p r i c e  f o r

all  types and ages of  salmon, the maximum catch criterion would correspond to

the maximum profit criterion commonly used in economic analysis.

Since maximum profit  typically refers to an individual producer and the

models being considered are for the whole f ishery,  the appropriate analogue

to  th is  cr i ter ion  i s  to  maximize  the  tota l  net  va lue  o f  the  catch :

Maximize p = C C C (p - c )x
t i a iat iat iat (2 -27 )

The  var iable  piat represents  the  pr i ce  rece ived  per  f i sh ,  and  the  var iab le

C.lat represents  the  per - f i sh  cost  o f  harvest  for  a  sa lmon o f  type  i  and  age  a

in  per iod  t . I f  th is  funct ion  i s  to  be  l inear  in  var iab les  and parameters ,

prices and average costs must be f ixed and predetermined for a given type and

age of  salmon. These parameterized variables may also be expressed in per-

pound uni ts  i f  the  xiat are converted from numbers of  f ish to weight. This

option will  not be developed here.
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Comparison of (2-26) and (2-27) shows the maximum catch criterion to be a

special case of  the maximum net value of harvest criterion. When (2-27) is

used, pr ior i ty  wi l l  go  to  catching  the  most  pro f i tab le  sa lmon. When (Z-26)

is  used , a l l  sa lmon rece ive  the  same pr ior i ty . In neither case,  however,  can

the  quant i t ies  caught  a f fec t  the  pr i ces  rece ived  or  average  costs  expended .

Thus  these  ob ject ive  funct ions  are  qui te  restr i c t ive  with  respect  to  the

assumptions made about demand and supply. Quadratic and separable

programming offer two ways to generalize the form of the objective function

so that price and average harvest costs can vary with quantity caught. These

alternatives will  be considered after the l inear programming model is

completed.

Linear  Fishing  Act iv i t ies

Let us now consider the missing component in the constraint set.  Evidence

that something is omitted from this set can be easily found by noting that

the population dynamics modules are independent over the types of salmon.

Harvest  obvious ly  i s  not , s ince  a  dec is ion  to  f i sh  for  one  type  o f  sa lmon

will  lead to an increased catch of  the other commingled types. The

relationship between types of  salmon needs to be specif ied before the

constra int  set  wi l l  embody  a l l  o f  the  populat ion  dynamics  o f  the  f i shery .

One way to do this is through a linear programming activity.  Define, for

each time period, a  vector  o f  catch  proport ions :

n = [~llt,...,“~6t,~2~t’.“‘n26t”‘.‘nn~t”..’nn6t]

where the components of  this vector extend over i  = l,...,n, and n is the

number of  types of  salmon from the set I . The components of  n are defined

by :

n.
iat

= x
iat’xt

wheL-e x
t

= c c Xiat
i a

Thus,  xt i s  t h e  t o t a l  c a t c h  i n  p e r i o d  t . Nolw assume the composition of  the

catch  can  be  pre -spec i f ied  so  that  the  JI.lat
aL-e pl-edetermined  parameters and
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s u b s t i t u t e  niatxt for the catch variables xiat in the population dynamics

modules. Then as  tota l  catch  (x,) i s  increased  or  decreased ,  the  numbers  o f

salmon remaining in the subpopulations (yiat) simultaneously increase or

d e c r e a s e  f o r  a l l  i . This simultaneity supplies the missing ingredient in the

population dynamics constraint set, f o r  i t  i n t r o d u c e s  t h e  e f f e c t  o f  f i s h i n g

morta l i ty  on  the  to ta l  populat ion  o f  the  f i shery .

T h e  s u b s t i t u t i o n  o f  niatxt f o r  xiat introduces one linear programming

act iv i ty  for  each  t ime per iod  into  the  l inear  constra int  set . (Note that the

predetermined niat become the input-output coefficients,  and xt becomes the

l e v e l  o f  t h i s  a c t i v i t y . )  U s e  o f  a  s i n g l e  a c t i v i t y  i s  h i g h l y  r e s t r i c t i v e  f o r

i t  impl ies  that  only  one  f i sh ing  method  i s  used  in  the  f i shery  in  each

per iod . Thus  one  would  want  to  de f ine  a  set  o f  f i sh ing  act iv i t ies  that  are

the same for all  periods but that allow variation in fishing method within

each period. This would imply that f ishing methods do not evolve over time

( i . e . , constant technology) but that f ishermen are responsive to changes in

the size of  the salmon population and to the distribution of  salmon

throughout the geographic area of  the fishery. I t  would  a lso  a l low contro ls

on  f i sh ing  morta l i ty  that  operate  through contro ls  on  e f for t  or  intens i ty  to

be included in the salmon fishery model.

Use  o f  the  same set  o f  f i sh ing  act iv i t ies  over  t ime  i s  proposed  because

i t  prov ides  a  bas is  for  es t imat ing  va lues  for  the  niat parameters .
6

To see

this ,  l e t  us  temporar i ly  return  to  the  assumption  o f  a  s ing le  f i sh ing

act iv i ty  and add  the  condi t ion  that  th is  act iv i ty  be  the  same over  a l l  t ime

per iods . Then catch proportions that are observed over time may be

interpreted as random drawings from an underlying multivariate distribution

of proportions that remains invariant over time and over age and type of

salmon.

Expected proportions could then be estimated from the histot-ical catch

data and used in the l inear programming model of  the ocean fishery.  By

d e f i n i t i o n ,

111-2-20



= (2 -28 )
i = 1, . . ..n

[X1....Xt]

where the x iat ’ Xt’
and  n

iat are  h is tor i ca l  observat ions . By the above

assumptions, the expected proportions are constant over time:

R. =iI = R
ia ial ia = .‘.

= R
iat

where “hat” denotes expected value. Upon substitution of  expected for

observed  proport ions  (2 -28 ) becomes :

Xill . . . . Xilt -1/x1
. .
. .
. .

“i61 . . . . XiGt -l/Xt

and

1
n.la

= f C(Xiat/Xt).
t

= t

‘II
i l.

.

,n.16

(2 -29 )

(2 -30 )

Thus, the expected proportions would be simple averages of  the historical

data.

The  introduct ion  o f  a  set  o f  t ime invar iant  f i sh ing  act iv i t ies  i s

cons is tent  with  rep lacement  o f  the  mult ivar iate  d is tr ibut ion  by  a  set  o f

conditional distributions whose parameters depend on the given fishing

methods. Expected catch proportions would be estimated in this case either

by subdividing the historical catch data according to f ishing method and

using simple averages for each subgroup, OL- by  regress ing  catch  proport ions

against  to ta l  catch  and measures  o f  e f for t  and  intens i ty . Ei theL- pl-ocedul-e

would be feasible provided the constant technology and time inval-iant

distribution assumptions are acceptable.
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A Linear Programming Model

The necessary components are now available for a linear programming model

of the ocean salmon fishery. Al l  that  remains  i s  to  assemble  them.  To

o b t a i n  t h e  r e q u i s i t e  s e t  o f  l i n e a r  f i s h i n g  a c t i v i t i e s ,  w e  r e p l a c e  t h e  s i n g l e

a c t i v i t y  n b y :

where  k  i s  an  e lement  o f  the  set  K o f  a l l  f i sh ing  act iv i t ies . Tota l  catch

becomes :

Xt = k” ‘4cxkt
k = l,...,m (2-31)

where  xkt i s  the  tota l  catch  o f  sa lmon in  per iod  t  us ing  f i sh ing  method  k ,

and m is the number of methods included in the model. Quantities of salmon

caught of  type i  and age a in period t  become:

X
iat

=Cn
k iakXkt

(2 -32 )

Thus, the  l inear  f i sh ing  act iv i t ies  may be  introduced  into  the  populat ion

dynamics modules by substituting Cniakxkt  for the xiat.

k

S u b s t i t u t i o n  o f  t h e  f i s h i n g  a c t i v i t i e s  f o r  t h e  c a t c h  v a r i a b l e s  i n  t h e

population dynamics modules yields the basic constraint set for the l inear

programming model. To  th is  constra int  set  i s  added  the  ob ject ive  funct ion  for

maximizing the net value of  the catch and the non-negativity conditions for

the  var iables . Af ter  these  subst i tut ions , the il lustrative linear programming

model for the single-cohort annual-period example may be stated as:

Maximize:

’ ’ ’ ’ (Fiat - Siat)niakxkt
t i a k

(2 -33 )
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s u b j e c t  t o

Y- + Cn
ial k iakXkl

=;,
i,2-a

a  = 2,...,6 i  = l,...,n (2-34)

Y-11t +Cn
k

ilkXkt = ‘it t  = 1,...,6 i  = l,...,n (2-35)

-ailYilt - ‘if ‘ilkXkt +Cn̂ i2kxk t + l  + ‘i2 t + l  = ’ (2 -36 )
k ’ ,

t  = 1,...,5 i  = l , . . . , n

-aia(l  - ‘ia)Yiat  + i ‘i,a+l,kxk,t+l  + ‘i,a+l,t+l = ’ (2 -37 )

a = 2,...,5 t = 1,...,5 i =1 ,..,n

“il’il6 + (3.x n
‘k

ilkxk6 ’ ‘i2

6
’ ~iaYiat  > ‘it

a=2

and to:

i  = l , . . . , n (2 -38 )

a  = 2,...,5 i  = l,...,n (2-39)

t  = 1,...,6 i  =  l,...,n (2-40)

Y iat > 0 V i,a,t ‘kt 2’ v k,t Gia > 0 V i,a (2 -41 )

That the linear programming model is simply an assembly of earlier

discussed components can be seen by comparing equations (2-33) with (2-27)

a n d  e q u a t i o n s  ( 2 - 3 4 )  - ( 2 - 4 0 )  w i t h  ( 2 - 1 4 )  - ( 2 - 2 0 ) .  T h e  o b j e c t i v e  f u n c t i o n

comparison shows that net value is computed using fixed prices and costs for

a l l  o f  the  types  o f  sa lmon present  in  the  f i shery  and  that  catch  o f  a

particular type and age of  salmon in a given time period is computed as a

weighted average of  the salmon caught by different f ishing methods in that

per iod . The  constra int  comparison  shows that  the  fu l l  constra int  set  i s

composed of n population dynamics modules which are linked together by the

f i s h i n g  a c t i v i t i e s . S i n c e  CrLiakxkt  =  xiat, the  interpretat ion  o f  the

individual constraints remains exactly as in the cohort system from l’lhich

they are derived. Recrui tment  for  each  cohol-t  i s  s t i l l  d iv ided  into  sa lmon

that are caught and not caught. Predetermined n a t u r a l  suL-vival, shakel-

survival and escapement rates are sti l l  applied to l -educe salmon populations

when the  f i sh  are  t ransferred  fl-om per iod  t  to  per iod  t+l.
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I n i t i a l  c o n d i t i o n s  f o r  t h e  f o c a l  i n t e r v a l  a r e  a l s o  s t i l l  c a l c u l a t e d  f r o m

histor i ca l  catch  data  and  appl ied  to  cohorts  enter ing  the  f i shery  be fore  the

b e g i n n i n g  o f  t h e  f o c a l  i n t e r v a l . Escapement goals are also applied as

be fore . Because  o f  the  var iab le  subst i tut ion ,  however ,  the  l inear

programming model is expressed in terms of xkt instead of  xiat. Thus the

non-negat iv i ty  condi t ions  or ig inal ly  s tated  in  equat ion  (Z -7 )  are  rev ised  in

equat ion  (2 -41) .

Two modi f i cat ions  may be  eas i ly  incorporated  into  th is  model .  Set t ing  a l l

o f  t h e  piat - E i a t  c o e f f i c i e n t s  e q u a l  t o  o n e  w i l l  c o n v e r t  t h e  n e t  v a l u e

ob ject ive  funct ion  (2 -33)  to  a  funct ion  that  maximizes  tota l  catch . Controls

on fishing mortality resulting from controls on fishing method can be modeled

by  adding  constra ints  o f  the  form:

irkXkt ’ ‘kt p &(O,l) (2 -42 )

where Zkt is a predetermined maximum catch level for period t.

Nonlinear Extensions and Conclusions

It  was  noted  ear l ier  that  the  assumpt ion  o f  f ixed  pr i ces  and  costs  i s  a

stringent assumption of the linear programming model.  This is especially so

since there appears to be substantial  agreement that the appropriate

cr i ter ion  i s  to  manage  the  f i shery  so  as  to  maximize  i ts  economic  surplus

(U.S. Department of Commerce, 1984). A  deta i led  d iscuss ion  o f  poss ib le

procedures for valuing changes in salmon stocks is presented in the next

chapter. Discuss ion  here  i s  l imited  to  how the  surplus  cr i ter ion  might  be

incorporated into a mathematical programming model based on the defined

l inear  set  o f  populat ion  dynamics  constra ints .

Samuelson long ago showed that a quadratic objective function formed by

substituting price-dependent demand and supply curves for the f ixed prices

and costs  o f  equat ion  (2 -27)  could  be  interpreted  as  an  economic  surplus

criterion in which the sum of producers and consumers surplus is maximized.
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Thus ,  one  can  introduce  the  pre ferred  cr i ter ion  by  subst i tut ing  the  ob ject ive

funct ion

’ = ’ ’ ’ [(Ooi,t - ~liatxiat) - ‘5(nOiat  + ‘liatxiat)lxiat
t i a

(2 -43 )

f o r  t h e  l i n e a r  o b j e c t i v e  f u n c t i o n  ( Z - 2 7 ) . This  funct ion  contains  the  l inear

demand and supply curves:

P*lat = ‘Oiat - +liatXiat
i  = l , . . . , n a  = 1,...,6 t  = 1,...,6 ( 2 - 4 4 )

C.
lat = ‘Oiat + “liatxiat

i  = l , . . . , n a  = 1,...,6 t  = 1,...,6 ( Z - 4 5 )

where the 4 and 51
1

are non-negative parameters, and SE0 i s  a  p o s i t i v e  o r

negative parameter. Simple l inear cross-price demand and supply functions

may a lso  be  incorporated  into  the  quadrat i c  ob jec t ive  funct ion ,  prov ided

certain symmetry conditions are met (McCarl  and Spreen, Takayama and Judge).

Formulat ion  o f  a  quadrat i c  funct ion  could  a lso  o f fer  an  opportuni ty  to

decompose catch into commercial and sport segments and to formulate separate

demand functions for these separate salmon markets. Each xiat would be

def ined  as  the  sum o f  xciat  +  xSiat in  the  ob ject ive  funct ion ,  where  x C

represents the number of salmon caught commercially,  and xs represents the

number of salmon caught by sports fishermen. The  set  o f  l inear  constra ints

defined for the l inear programming model could be used as given in this case

i f  the  fo l lowing  constra ints  are  added  to  the  set :

m

k:l’

C s
iakXkt - x iat

- x
iat

=O i=l,...,n a,t = 1,...,6 (2-46)

Alternat ive ly , separate  sets  o f  f i sh ing  act iv i t ies  could  be  de f ined  for  each

group of  f ishermen and the xkt decomposed into xCkt  and xskr. Addi  t ional

constra ints  would  not  be  required  in  th is  case , a n d  i t  \,lould  allow d i f f e r e n t

costs  o f  harvest  to  be  spec i f ied  for  the  commerc ia l  and  sports  f i sh ing

a c t i v i t i e s .
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Separable programming models also offer the opportunity to include the

economic surplus criterion in a mathematical programming model of the ocean

salmon fishery . Such models would not be restricted to linear demand and

supply  funct ions . The l inear objective function would instead be replaced

with any separable objective function of  the form:

s  =  c c c fiat(Xiat)‘Xiat i = 1,. . . ,n a,t, = 1 , * * * , 6
t i a

(2 -47 )

where the f  are single-valued continuous functions (Hadley). Against  th is

advantage, however, is the disadvantage that separable programming models

require a variable transformation that causes them to grow very large when

the number of  separable variables is large. This type of model might be

successfully formulated and solved for a realistic number of  types of  salmon

a n d  a  u s e f u l  s e t  o f  f i s h i n g  a c t i v i t i e s  i f  i t  i s  c o n v e x . But we suspect the

fishery model would be non-convex, s ince  there  i s  no  reason  to  be l ieve  that

a l l  o f  the  own-pr ice  demand funct ions  wi l l  be  concave  to  the  or ig in . Given

the  s ize  o f  the  l inear  constra int  set ,  we  do  not  be l ieve  a  non-convex

separable programming model will  be feasible for the ocean salmon fishery.

A quadratic programming model may also suffer from a size problem, since

the dimensions of the linear problem that must be solved roughly doubles when

a quadratic objective function is specified (Takayama and Judge). Thus the

nonlinear extensions of  the l inear programming fishery model will  l imit the

number of  time periods and types of  salmon included in the analysis. There

may also be a more fundamental problem with models based on the linear

c o n s t r a i n t  s e t . This  potent ia l  prob lem ar ises  f rom the  use  o f  the  l inear

f i sh ing  act iv i ty  to  t ie  together  the  populat ion  dynamics  modules .

The  lat ter  aspect  i s  explored  in  some deta i l  in  the  appendix  to  th is

chapter and the possibil it ies for development of  a nonlinear model are

examined. Whether  one  can  s t i ck  with  the  re lat ive  s impl ic i ty  o f  a  l inear

model  or  whether  i t  wi l l  be  necessary  to  r-esort  to  nonl inear  formulat ions

turns  large ly  on  empir ica l  quest ions . F o r  e x a m p l e , whether the Columbia

based commercial f ishery is a sufficiently large share of  the mar-ket so that

var iat ions  in  catch  wi l l  s igni f i cant ly  a f fect  pr ice ,  and whether -  natural
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mortal i ty  d i f fers  substant ia l ly  among spec ies  and s tocks  and,  i f  so ,  whether

data  can  be  co l lec ted  to  re f lec t  these  d i f ferences .  The  appendix

demonstrates,  we believe, that  a  nonl inear  model  i s  f eas ib le ,  should  i t  be

required.

In any case we believe,  based on the Phase II work, that mathematical

programming offers an attractive framework for organizing and conducting

economic  analys is  in  the  ocean f i sher ies  area . We be l ieve  th is  l ine  o f  work

should be pursued in Phase III and an early effort be made to resolve the

empirical questions that bear on the specific  form of model to be used.

We turn in the next chapter to the problem of establishing economic

values for the various activities included in a programming model.
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ENDNOTES

1. This scheme may be i l lustrated for one six-month and two quarterly

per iods  as  fo l l ows :
per iod  1 p e r i o d  t2 = 4 p e r i o d  t3 = 7

/ \ I . / \

I I I I I I
I I I I I I

5 t2 f3 t4
\ ,. /L

year 1 year 2 yeal- 3

Note  that  per iod  t  i s  the  per iod  o f  t ime  immediate ly  folloL!ing  the  date  t

in this scheme, and that  the  cohort  i s  recrui ted  at  date  t=tl=l.

2. This convention will  be maintained throughout the chapter. I f  a  v a r i a b l e

is assigned a predetermined value, it  will  be marked by a bar over the

var iable .

3. I t  would  not  be  complete ly  genera l  because  t ime  i s  t reated  as  d iscrete

w h e n  i t  i s ,  i n  f a c t ,  c o n t i n u o u s .

4. The  formulas  obta ined  by  subst i tut ing  the  yiat  var iab le  out  o f  the

population dynamics equations may also provide a means to estimate the

predetermined survival and escapeme!lt  rates from histol-ical  catch data.

This might be accomplished by applyjng  the ARIMA time sel-ies  technique to

the  re lat ionship :

5
X

i6t = ll aia(t - ‘ia )~i t-5 - YJi6t
a=1 9

5 5
- n

a=2
aia(l - Tia)(ai-B)xil  t-5  n aia(l - Tia)xi2,t-49 a-2

5 5
- n aia(l  - ~ia)xi3  t-3 - ’ aia(l  - ‘iajxi4 t-2

a=3 , a=4 ,

- ai5(1 -~i5)‘i5  t-1’9

T h i s  r e l a t i o n s h i p  i s  a  six-pel-iod  arltol-egressive  proces: tl1.qt m e e t s  t h e

fundamental  cr i ter ion  for  stationality  (mcc leary  and hay) . thus  i t  could

f o r m  t h e  f o u n d a t i o n  f o r  a n  econometric e s t i m a t i o n  o f  t h e  aia(l  - -ria),
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a.11 and Pi parameters. It  would not be able to separate estimates for

cia f rom those  for  aia, however , and the estimation would require a long

ser ies  o f  deta i led  catch  data .

5 . This number would decrease to 172 if  an escapement goal is established

for  each  year  instead  o f  each  cohort .

6. This assumption can be relaxed if  some other way of estimating the niat

can be found.
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Appendix to Chapter 2

A Problem in Fish Population Dynamics and a Possible Nonlinear Model

INTRODUCTION

Although the  l inear  constra int  set  i s  at tract ive  because  o f  i t s

s i m p l i c i t y , the combination of l inear population dynamics system and linear

fishing activities may bias the catch toward the salmon with higher natural

morta l i ty  rates . This possible bias can be shown by an il lustrative example.

Let us suppose that there are 110 fish of  each of  two types of  salmon in the

f i s h e r y  a t  t h e  s t a r t  o f  p e r i o d  t . During  th is  per iod  f i sh ing  morta l i ty  c la ims

ten salmon of each type, while natural mortality claims ten salmon of type 1

and 20 salmon of type 2. ( I n  t h e  m o d e l ’ s  n o t a t i o n  xt=20,  nlt=rtzt=.5,  ult=.9,

“,rt=.8, ,rltszt=O. Note that a is suppressed.) Now suppose that total catch

from this  cohort  i s  16  sa lmon in  per iod  t+ l . According to the formulation of

t h e  l i n e a r  f i s h i n g  a c t i v i t y , this catch would decompose into 8 salmon of each

type - But because 90 salmon of  the f irst type and 80 of  the second type

remain in the fishery, the decomposition implies that 8 out of  90 or 8.8

percent of  the type 1 salmon succumb to f ishing mortality while 8 out of  80

or 10 percent of  the type 2 salmon are caught. Thus the use of  the l inear

f i sh ing  act iv i ty  b iases  the  proport ion  o f  the  catch  in  success ive  per iods

towards the salmon with the higher natural mortality.

What prompts concern in this example is the inherent belief  that if  the

fishing is done in the same way and at the same effort and intensity over

time, then the probability that a particular salmon will  be caught should

remain the same. Such a  constant  probabi l i ty  i s  incorporated  into  the  l inear

ied

f i s h i n g  a c t i v i t y . But  i t  i s  not  respected  by  the  l inear  constra int  set

containing the ac t i v i t y . The result is an inherent conflict in the embod

assumptions about f ishing  mortal i ty .

In  the  fo l lowing  we  shal l  f i rs t  introduce  an  equal  OL- predetermined

probabi l i ty -o f - catch  assumpt ion which can be used in place of  the l inear
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f i s h i n g  a c t i v i t i e s . Then the  l inear  constra int  set  wi l l  be  re formulated ,  a

nonlinear model stated, and a solution procedure discussed. The nonlinear

model removes the potential  bias in the catch proportions. [Since much of

the notation used in this appendix is introduced in the chapter proper,

equations are numbered continuously with those in the text.]

A Probability-of-Catch Assumption

To state this assumption, we first need to define some aggregate catch

and population variables. Let:

X. = cx.
i t  aiat=catch  o f  sa lmon o f  type  i  in  per iod  t

Y* =  Cyiat =
lt a

subpopulation of  salmon of type i  that remains uncaught
in  per iod  t .

= cx‘t i it = to ta l  catch  in  per iod  t

=cy. =
Yt pt tota l  subpopulat ion  o f  sa lmon not  sub jected  to  f i sh ing  or

shaker  morta l i ty  in  per iod  t .

A l s o ,  l e t

Z .
iat

= x
iat + ‘iat

z. =
1t ‘it + ‘it

Zt
= x

t + Yt

be  the  corresponding  measures  o f  to ta l  populat ion  in  the  f i shery  at  the  s tart

o f  p e r i o d  t . This  notat ion  a l lows  us  to  de f ine  some probabi l i t ies  that

salmon will be caught under the simple assumption that every salmon within a

given fishing area has a equal chance of  being hooked. Given this equal

probability assumption, the  probabi l i ty  that  a  part i cu lar  sa lmon wi l l  be

c a u g h t  i n  p e r i o d  t  i s  l/z,. The  probabi l i ty  a  sa lmon o f  type  i  wi l l  be

caught is xit/zt and the probability a salmon of  type i  and age a will  be
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caught  i s  x iat’zt’ If  enough fishing takes place and this assumption is

c o r r e c t , actual catch proportions should approximate these probabilities.

An equal probability of  being caught for all  salmon in the fishery would

imply that:

X.
iat =

Z.
iat

q-=
Zt

(2 -48 )

In words, this equation states that the frequency with which a salmon of type

i and age a appears in the catch would be equal to the frequency with which

i t  appears  in  the  populat ion . However, the  nature  o f  some f i sh ing  pract i ces

and fishing management controls is such that the catch proportions of

particular types and ages of  salmon are greater or smaller than the

corresponding population proportions. Fishing may take place near the mouth

or  in  the  lower  r iver ,  f or  example . This  would  increase  the  s ize  (as  wel l  as

the number) of salmon caught. Fishing location may also be varied to obtain

more salmon of a particular species, or  larger  hooks  and  d i f ferent  ba i t

employed to discourage smaller salmon from biting. It may also be true that

particular types or ages of  salmon are more aggressive feeders and thus more

l i a b l e  t o  f i s h i n g  m o r t a l i t y .

These cases may be described by extending the equal probability-of-catch

assumption into a predetermined probability-of-catch assumption. Define:

X.
iat

Z.
iat

Xt=”
iat z t

(2 -49 )

where CJiat 5 0  i s  the  rat io  o f  the  catch  proport ion  xiat/xt  to  the  populat ion

proport ion  ziat/zt. From a  descr ipt ive  v iewpoint ,  (Z -49)  i s  a  tauto logy .

But it  provides a way to define predetermined parameters that establish

expected  probabi l i t i es  o f  catch  for  the  fishet-y  model . The predetermined 3ia

m a y  r e f l e c t  h i s t o r i c a l  a v e r a g e s  ( a s  ar-gued  f o r  t h e  n.la
earlieL-) or they may

re f lec t  proposed  po l i c ies  a imed at  a f fec t ing  the  d is tr ibut ion  o f  the  catch

with respect to age and type. Some algebra will show that
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z .
c c aiat + = 1 i  = l , . . . , n a=l,. 6* * ,
i a t

(2 -50 )

for  any  t ime per iod  t . Hence  the  necessary  condi t ion  i s  es tab l i shed  for  the

proport ions  in  (2 -49)  to  be  interpreted  as  probabi l i t i es .  Equat ion  (49 )  and

i ts  spec ia l  case  (2 -48)  embody  the  probabi l i ty -o f - catch  assumpt ion  o f  the

nonlinear model.

A Nonlinear Constraint Set

Equation (2-48) may be used to demonstrate that the equal probability-of-

catch assumption implies:

X .
iat

X .
1t Xt-=-=-=v

Z .
iat

Z .1t Zt
t

(2 -51 )

where v t i s  the  proport ion  o f  the  to ta l  sa lmon populat ion  that  i s  caught  in

p e r i o d  t . Thus

X .
iat = ‘tZiat

Y-iat
= (1 - vt)z,

iat

Simi lar ly , equat ion  (2 -49)  impl ies  that :

X.
iat

= 3
iaVtXat

Y*iat
= ( 1  - biaVt)Ziat

(2 -52 )

(2 -53 )

(2 -54 )

(2 -55 )

where, for convenience, the predetermined non-negative parameters ^a. are
ia

assumed to be invariant over time.

Relat ionships  (2 -54)  and  (2 -55)  a l low the  var iab les  vt and  ziat to  be

substituted in the l inear population dynamics module to create a nonlinear
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c o n s t r a i n t  s e t . T o  i l l u s t r a t e , the single-cohort annual-period system (2-14)

- (2-19) would become:

z ial = b i,2-a

‘ilt = p.
1 ,  t - l

a = 2,...,6

t = 1,...,6

(2-56)

(2 -57 )

Z i2,t+l = [ “il -<ail - Bi)bilvtlzilt t = 1,...,5 (2-58)

Z
i ,a+l ,  t+ l

=  aia( 1  - Tia)(l  - 3iavt)ziat (2 -59 )

a = 2,...,5 t  =  1,...,5

W i2 = “il[ - (ai1 - Bi)~ilv61zi16 (2 -60 )

W i , a + l = aia(l - Tia>(l  - biav6)zia6 a = 2,...,5 (2-61)

The  equal -probabi l i ty -o f - catch  assumpt ion  creates  the  spec ia l  case  o f  th is

nonlinear system in which 3.
la = 1  for  a l l  types  and  ages  o f  sa lmon.

The  nonl inear  constra int  system i l lustrated  by  equat ions  (2 -56)  - (2 -61 )

has  a  spec ia l  nature  which  can  be  explo i ted  in  so lv ing  the  f i shery  model .  I t

can  be  seen  f rom inspect ion  o f  th is  system that  i f  the  tota l  catch

proport ions  vt can  be  determined  for  the  foca l  interval  t=1,...,6, then  the

populat ion  var iab les  ziat and  wia can be determined by substituting the

v a l u e s  f o r  v  ’
t

into the constraint system and solving its equations

recurs ive ly . Once vt and ziat are evaluated, the corresponding catch

var iables  x iat and subpopulation variables yiat may be obtained from

equat ions  (2 -54)  and  (2 -55) . Hence the need to simultaneously solve for a

l a r g e  s e t  o f  v a r i a b l e s , which was so evident in the models based on the

linear system, is reduced to a need to simultaneously determine six

var iables . Once these vt are evaluated, a  complete  descr ipt ion  o f  the  catch

and of the salmon population remaining in the fishery is readily available.

This  i l lustrates  two  major  benef i ts  o f  the  probabi l i ty -o f - catch

assumption. It removes the potential  bias of  the l inear system by allowing
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the  constra ints  to  be  expressed  in  terms o f  the  to ta l  populat ion  var iab les

ziat’. And i t  substant ia l ly  reduces  the  computat ional  burden invo lved  in

solving the fishery model problem. The assumption also allows the objective

funct ion  o f  the  model  to  be  qui te  genera l ly  s tated . In essence, a l l  t h a t  i s

required  o f  th is  funct ion  i s  that  i t  depends  on  the  catch  and/or  populat ion

var iables , that  i t  be  concave , and that  i t  be  cons is tent  with  the

predetermined fishing practices and management policies embodied in the uia.

Otherwise, this function may take any form and include any set of  price,

c o s t , income or other market variables. Thus, the  ob jec t ive  funct ion  o f  the

nonlinear model may be as simple as the maximized catch alternative or as

complex as any of the economic surplus measures discussed elsewhere in this

report .

A Nonlinear Model

Let us represent the concave objective function for the nonlinear model

as :

s = f(X,Z,P;f) (2 -62 )

where X, Z, P, and E are vectors of  variables and parameters. The vector X

contains  the  x
iat

as elements, Z  i s  a  v e c t o r  o f  ziat,  a n d  P  i s  a  v e c t o r

containing  pr ices ,  harvest  costs , or any other exogenous variables that

determine the producer or consumer surplus from the fishery. Thus P may

contain  income,  populat ion ,  number  o f  vesse ls ,  e f for t  measures ,  e tc . The

vector -E has the predetermined proportions bia as its elements. This  vector

of parameters will  serve to introduce the commercial and sport f ishing

practices and fishing mortality management controls on which the constraint

set  i s  based  into  the  formulated  ob ject ive  funct ion . Hence  the  funct ion  f  i s

c o n d i t i o n a l  o n  t h e  s p e c i f i e d  f.

Given the objective function (2-62),  a nonlinear mathematical programming

model may be specified for the ocean salmon fishery as follows:
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Maximize :

(2 -62 ,  repeated) s  =  f ( X , Z , P , f )

s u b j e c t  t o :

( 2 - 5 6 ,  r e p e a t e d )  zial = ii
i,2-a

a = 2,...,6 i  = l , . . . , n

(2 -57 , repeated) ‘ilt = Pit t = 1,...,6 i  = l , . . . , n

‘i2, t+l - [ai1 - (ail-Bi)3ilvtlzilt = O t=l,...,n i=l,...,n

‘i,a+l,t+l - aia(l - Tia)(l  - ^diavt)ziat  =  0 a=2 I * * * , 5
t=1,...,5 i=l,...,n

“i 1 - tail - Bi)~ilv61zi16  > ‘i2 i = l , . . . , n

aia(l  - ‘ia)(’ - ^aiaV6)Zia6 1 ‘i a+l
,

a=2,...,5  i=l,...,n

X.iat
- ^a

iaVtZiat = 0

Y-lat
- ( 1  - kaVt)Ziat  =  0

6

’ TiatYiat  ’ * i t
a=2

and to

a=1,...,6 t=1,...,6 i=l,...,n

a=1,...,6 t=1,...,6 i=l,...,n

t=1,...,6 i=l,...,n

Z
iat ’ O 0 5 Vt < 1 La 2 0 V i,a,t

(2 -63 )

(2 -64 )

(2 -65 )

(2 -66 )

(2 -67 )

(2 -68 )

(2 -69 )

(Z -70)

This model is  based on the single-cohort annual-period population

dynamics  module  i l lustrated  in  f igure  2 - l  and  descr ibed  by  equat ions  (2 -14)  -

( 2 - 2 0 ) . S ince  i t  i s  der ived  f rom this  module  by  var iab le  transfol-mation,  the

underlying population dynamics is not changed. However  , the individual

equations are expressed in terms of  total  subpopulations instead of  salmon

caught and not caught. Equations (Z-56) and (2-57) simply state that these

subpopulat ions  are  in i t ia l ly  equal  to  the  number-  o f  sa lmon enter ing  at  the
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beginning  o f  the  foca l  interval  or  recrui ted  dur ing  i t .  Equat ions  (2 -63)  and

(2-64) the number of  salmon of type i  and age a that remain from period t

after the subpopulation has been reduced by natural mortality,  shaker

mortal i ty , escapement and fishing mortality. Equations (2-65) and (2-66)

reduce  the  s ize  o f  the  subpopulat ions  in  the  last  per iod  o f  the  foca l

interval  and  establ i sh  the  leve ls  o f  f i sh  remaining  in  the  sa lmon f i shery

a f t e r  t h e  i n t e r v a l  i s  o v e r .

The equations (2-67) and (2-68) are equations (2-54) and (2-55),  repeated

as constraints to close the mathematical programming model.  Inclusion of

(2-68) also allows the escapement goals used in the l inear model to be

appended to the nonlinear model as equation (2-69).  Similar equations for

more general models representing more cohorts and shorter time periods can be

developed by following the same steps used to construct this model. Note

a lso  that  any  o f  the  prev ious ly  spec i f ied  ob jec t ive  funct ions  may be

s u b s t i t u t e d  f o r  ( 2 - 6 2 )  i f  d e s i r e d .

S ince  the  l inear i ty  required  for  the  constra int  sets  o f  the  l inear  and

quadratic programming models is not germane to the nonlinear model, survival

and escapement rates no longer are required to be predetermined constants.

Instead, the constant rates in the system (2-63) - (2-69) may be replaced by

the  var iable  rates :

r .
iat

= a.
iat

(a. Z.
ia, t - j ’  ia, t - j ) t  =  l,... ,6 j = 1,...,5 j < t (2 -71 )

q*1t = Bit(8i t-j'zia  t-j), 7
t = l,... ,6 j = 1,...,5 j < t (2 -72 )

e.iat
= T.

iat
(r. Z

ia, t - j  ’ ia, t - j > t = l,... ,6 j=1,...,5  j <t (2 -73 )

where r
iat

is  a  var iab le  natural  surv iva l  rate  for  sa lmon o f  type  i  and  age  a

i n  p e r i o d  t ,  qit is  a  var iable  shaker  surv ival  rate ,  and e
iat

i s  a  v a r i a b l e

escapement rate that is dependent on the type and age of  salmon in period t .

The opportunity to include variable rates in a nonlinear salmon fishery model

allows population density to play a L-ole in determining survival and
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escapement. However, t h e  f u n c t i o n s  a ,  8, and -c must be chosen so that the

nonlinear constraint set is convex and compact. Otherwise, the suggested

so lut ion  procedure  may fa i l . This was not a concern with the linear model,

since all  standard linear and quadratic mathematical programming formulations

sat is fy  the  condi t ions  for  a  g lobal  opt imum.

A Suggested Solution Procedure

The form of the nonlinear salmon fishery model suggests a solution

procedure based on a Fibonacci  or Golden Section grid search. These search

algorithms are univariate procedures which can be successively applied to a

smal l  set  o f  var iables . Such applications have worked well when there is no

strong  interact ion  between dec is ion  var iab les  (Phi l l ips ,  e t  a l . )  and  should

per form success fu l ly  i f  appl ied  to  the  vt. If  they do not,  more

sophisticated search procedures such as the Hooke-Jeeves algorithm can be

appl ied .

The Fibonacci  procedure requires a-priori  upper bounds on the decision

var iables , and  i s  fac i l i tated  i f  the  var iab le  range  i s  f rom zero  to  one .

T h i s  i s ,  b y  d e f i n i t i o n , the  feas ib le  range  for  the  vt. The procedure also

depends on a unimodal objective function, w h i c h  w i l l  e x i s t  f o r  t h e  s p e c i f i e d

f i shery  model  i f  the  funct ion  f  i s  concave , and the  constra int  set  i s  convex .

Given these conditions, the search procedure should converge to a global

optimum.

The Fibonacci  and Golden Section search procedures are sequential

techniques which successively reduce the interval in which the optimum value

of  the  ob ject ive  funct ion  must  l i e . Compared to other search techniques,  the

Fibonacci will  yield the minimum-maximum interval of  uncertainty after any

given number of iterations. The  Golden  Sect ion  search  i s  l ess  e f f i c ient  but

computationally easier. S ince  the  so lut ion  must  respect  the  constra int  set

o f  the  nonl inear  f i shery  model , we propose a modif ied search procedure based

on a Golden Section search. I n  i t , the range of  the vt catch  proport ions  are

f i rs t  reduced  to  an  interval  where  the  constra int  set  i s  feas ib le . Then the
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standard Golden Section search procedure is applied to these feasible

var iab le  ranges  to  f ind  the  opt imum rat ios  o f  to ta l  catch  to  to ta l

population. The procedure terminates whenever the problem is found to be

i n f e a s i b l e  o r  t h e  v a l u e  o f  t h e  o b j e c t i v e  f u n c t i o n  s t a b i l i z e s  o v e r  i t e r a t i o n s .

A  feas ib le  so lut ion  i s  de f ined  as  one  which  sat is f ies  the  non-negat iv i ty

condi t ions  for  the  x ,  y  and  z, and meets the escapement goals, the terminal

populat ion  condi t ions , and any other appended constraints such as equation

( 2 - 4 2 ) . The search for such a solution should be quite rapid even for large

ocean salmon fishery models, since modern computers can rapidly evaluate many

simple recursive equations. Furthermore, th is  search  wi l l  not  be  suscept ib le

to  the  numerica l  round-o f f  or  t runcat ion  error  that  can  occur  in  so lv ing

large linear or quadratic programming models. Convergence is guaranteed by

generating a series of  grid points that either converge to the optimum

s o l u t i o n  o r  t o  t h e  “no c a t c h ” so lut ion  in  which  a l l  o f  the  v
t

= 0. I f  t h i s

l a t t e r  p o i n t  i s  o b t a i n e d  a n d  t h e  s o l u t i o n  i s  s t i l l  i n f e a s i b l e ,  e i t h e r

recruitment is too low or the escapement goals and/or the terminal population

requirements are too high.

The objective function enters the computation only when feasibility has

been established and the standard Golden Section search procedure is

i n i t i a t e d . Each iteration of  the search would then produce two grid points

in the form of menus of catch and salmon population variables. These catch

and population values would be inserted into the objective function and the

resulting objective values compared. The comparison would allow one grid

point to be discarded and the search algorithm would then produce another

menu for comparison. This process would continue until  the successive

objective values converge to the optimum value. During this procedure,

predetermined values would be specif ied for P, and equation (Z-67) would be

used to determine X. Thus the entire solution procedure would have to be

repeated if  elements of  P are to be varied.

Output  f rom a  so lut ion  would  inc lude  a  fu l l  se t  o f  catch  var iab les  (v  and

x)  and  populat ion  var iab les  ( z  and  y ) . An objective value representing
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producer and consumer surplus would also be produced. This surplus value

would  be  condi t ional  on  the  pr i ces ,  costs , fishing practices and management

po l i c ies  used  to  es tabl i sh  the  ob jec t ive  funct ion . It would also depend on

the  probabi l i ty -o f - catch  parameters  (a ) . Surpluses accruing to the resource

stock would be evaluated by a shadow price computation. T h e  e f f e c t  o f

changes  in  pr ices ,  costs , probabilities of  catch and other components of  P

would be determined by obtaining a series of  solutions to the nonlinear ocean

salmon fishery model.

Shadow Prices for the Salmon

One of the advantages of  the l inear programming model is the set of

shadow pr ices  produced  as  part  o f  i t s  so lut ion . Shadow values may also be

computed from the nonlinear fishing model. But they must be explicitly

sought since they will  not be automatically produced by the nonlinear

so lut ion  procedure . The necessary requirement for computing these shadow

values is an optimum solution to the fishery model. One would then change

one  o f  the  1~ 6 -it’ it or w ia parameters by a small  amount,  re-solve the model,

and obtain a new value of  s . The difference between this value of  s and the

original optimal value of  s would be the shadow price.

This  pr i ce  would  be  interpretable  as  the  va lue  o f  an  addi t ional  recrui ted

sa lmon o f  type  i  in  per iod  t  i f  a  uit i s  changed. It  would be the value to

the ocean fishery of  lowering the escapement goal in period t  by one salmon

o f  t y p e  i  i f  a  dit u s  v a r i e d . And it would be the cost of adding one salmon

of type i  and age a to the terminal population if  w. is changed. A l l  o f
ia

these values would be with respect to the ocean fishery,  since they measure

the change in the surplus generated by this component of  the total salmon

f i s h e r y .

Since the number- of  parameters that can be varied is large,  an extensive

set of  shadow prices can be obtained. The computational procedure for-

obtaining these shadow values can be programmed as part of the solution

procedure of  the nonlinear model. Even with this added capability,  we do not
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expect  i t  to  be  d i f f i cu l t  to  obta in  a  so lut ion  to  the  nonl inear  ocean f i shery

model.

FINAL COMMENT

Solutions to the proposed mathematical programming model for the ocean

salmon fishery should be able to provide answers to most questions about the

effect of  changes in escapement, recruitment, market characteristics and

f ishery  pract i ces  on  the  ocean f i shery .  These  answers  would  inc lude

estimates of  economic surplus,  shadow prices, catch levels and composition,

numbers of  salmon escaping by type,  age and time period,  subpopulations of

salmon remaining in the fishery throughout the focal interval,  and the

distribution of  the salmon population remaining in the fishery at the end of

the model period.

Development and maintenance of the proposed model can be

compartmentalized. Indiv iduals  invo lved  in  deve lop ing  the  ob jec t ive  funct ion

do not have to also estimate survival rates or develop the population

dynamics system. Programmers involved in developing the solution procedure

do not have to also formulate the model. Thus, the  potent ia l  ex is ts  f or  good

project management to enhance the development and maintenance of the proposed

ocean salmon fishery model.

The proposed model is  based on the probability-of-catch assumption as

s p e c i f i e d  e a r l i e r . I t  a lso  invo lves  the  assumption  that  b io log ica l  growth,

mortality,  f ishing effort and intensity are exogenous components that

determine model parameters and variables, rather than output to be estimated

during  the  analys is . For the purposes of  the analysis of  f ishery management

pol i c ies  and pract i ces ,  however , we believe this type of  mathematical

programming model has considerable advantages. If a mathematical program is

adopted, we recommend serious consideration of the nonlinear ocean salmon

fishery model described in this paper.
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Chapter 3

Procedures for Valuing Changes in Ocean Salmon Stocks

INTRODUCTION

This chapter describes various approaches for measuring the economic

value of harvesting enhanced Columbia River salmon stocks. Such values are

necessary to the mathematical programming model reviewed in the last chapter

as  wel l  as  be ing  o f  interest  in  the ir  own r ight .

Assessment of  the economic benefits or losses from actions which result

from changes in the ocean fisheries should account for the gains and losses

to  indiv iduals  in  the ir  ro les  o f  consumers , producers and resource suppliers.

The notion of  economic benefits includes the concepts of  producers surplus

and rents  to  resource  suppl iers , that is the returns over and above the costs

o f  do ing  bus iness . Consumer surplus is analogous, representing the

difference between the maximum amount of money an individual would be willing

to pay and that which he must pay in the market to enjoy the use and

consumption of a commodity.

These two concepts can be applied equally well  to the commercial and

recreat ional  sa lmon f i sh ing  sectors . The benefits from increasing salmon

available to the commercial sector (or the losses from reduced salmon stocks)

wi l l  inc lude  the  change  in  surpluses  to  f i shermen,  processors ,  reta i lers ,  and

the ultimate consumers. Of ten, these can be deduced from information on

aggregate demand and supply in the salmon market, information typically

available as a consequence of market transactions. The  spec i f i c  appl i cat ion

of the surplus concepts to the commercial sector and the problems which arise

in empirical measurement are discussed in the next section.

The recreational sector presents a greater conceptual and empirical

chal lenge . The benef i t measure (consumer surplus or willingness- to-pay) is

a p p l i c a b l e  t o  r e c r e a t i o n i s t s . However, there is no clearly defined market as
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in the commercial sector. The nature of  the recreational experience further

complicates the research. The recreationist is consuming a commodity which

is more than just salmon; he is consuming a recreational f ishing experience

which is enhanced by increased salmon catches. When the commodity in

quest ion  i s  not  marketed ,  indiv iduals ’ surpluses  (or  wi l l ingness - to -pay)

cannot be calculated from market demand functions, and standard techniques

for approximating this will ingness-to-pay measure using market data cannot be

employed. See Rahmatian, 1987, for further discussion of  components of

will ingness-to-pay for elements of  the environment.

When no markets exist for the commodity the researcher can choose between

two approaches. He can identify markets for related goods,  making indirect

ca lculat ions  o f  wi l l ingness - to -pay , or he can ask individuals directly what

the ir  wi l l ingness - to -pay  would  be . The various approaches,  together with

their strengths and weaknesses, are  descr ibed  in  a  later  sect ion .

The discussions in following sections are predicated on the assumption

that f isheries management decisions are independent of  the water allocation

schemes. Emphasis is placed on the importance of predicting management

strategies and understanding bioeconomic interactions in estimating long-run

economic benefits. The final section provides suggested procedures for

obta in ing  est imates  o f  the  wel fare  e f fec ts  o f  increased  sa lmon harvests .

BENEFITS OF COMMERCIALLY HARVESTED SALMON

Actions which change salmon stocks affect the well-being of  individuals

in the commercial sector in a variety of ways. F i r s t , f or  the  o f f shore

harvesters , changes in stock density affect the cost per pound at which

various quantities of  salmon can be harvested. Greater stock abundance

reduces  the  o f  product ion  costs .  Second,  reduct ions  in  costs  at  the

harvest ing  leve l  l ead  to  dec l ines  in  the  pr i ce  o f  sa lmon. Greater stock

d e n s i t i e s , which lead to lower ex-vessel prices and greater volume, can lower

average  costs  o f  process ing  and market ing  f i sh  and,  u l t imate ly  lower  reta i l

pr i ces .  Increased  s tock  dens i t ies ,  there fore ,  a f fec t  harvesters ,  middlemen
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(processors and marketers),  and consumers. The discussion in subsequent

sections explains how the benefits of  enhanced salmon stocks can be measured

for each group.

The  e f fec ts  on  the  commerc ia l  sector  wi l l  d i f fer  in  the  short - run f rom

the long-run, and we discuss the implications for both. The short-run

analys is  i s  important  because  observat ions  o f  f i sh ing  operat ions  wi l l

typ ica l ly  be  made  at  po ints  o f  short - run but  not  necessar i ly  long-run

equilibrium. The nature of f ishery management decisions,  random variation in

f i s h  s t o c k s , and other changing conditions in the salmon fishery conspire

jointly to prevent a long-run equilibrium from emerging. However, t h e  long-

run is  o f  re levance  because  the  producer  surplus  which  i s  l ike ly  to  accrue  to

harvesters in the short-run may not be sustained if  new harvesters are drawn

into the salmon fishery.

RETURNS TO HARVESTERS

The Short-Run

Economists are agreed upon the correct way to measure benefits accruing

to the producing sector of  the economy. These benefits (producer surpluses)

equal returns to resources such as land, labor,  managerial experience,  and

other resources over and above the returns they could earn in their best

a l ternat ive  use . They include what are usually referred to as rents

( inc luding  short - run quas i - rents )  and  pure  pro f i ts . Producer benefits are

conceptually easy to measure, but since they require information on returns

as  wel l  as  potent ia l  returns  to  a l ternat ive  uses , they  are  o f ten  pract i ca l ly

d i f f i c u l t  t o  c a l c u l a t e .

The producers’ s u r p l u s  i s  t h e  e x c e s s  o f  r-evenue  o v e r  c o s t s . To the

extent that the industry supply curve captures the marginal costs of

producing the commodity, the area beneath price and above the supply cur-ve is

producer surplus. Thus to measure pr-oducer  SUL-plus  one needs to know the

supply curve and the equilibrium price.
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The supply  curve  for  sa lmon incorporates  a l l  costs ,  out -o f -pocket  and

opportunity, that harvesters incur when they land more fish. I t  i s

condi t ional  on  the  pr i ce  o f  gaso l ine  and  other  inputs ,  the  a l ternat ives

avai lab le  to  industry  part i c ipants  and the  s ize  o f  the  sa lmon run. As these

factors change, the supply curve changes position resulting in changes in

producer surplus.

As  avai lab i l i ty  o f  sa lmon stocks  grows , the  shi f t  outward  in  supply  wi l l

alter market price so that the change in producer surplus will  be equal to

the  d i f ference  between tr iangle  p”BSo a n d  t r i a n g l e  PAS i n  f i g u r e  3 . 1 .  O f

course knowledge of the demand curve is necessary to determine the new

equilibrium price and thus the change in producer surplus. With enough

information, one could show how short-run producers’ surplus would change

with any given level of  the salmon runs.

The  concept  o f  producers ’  surplus  i s  c lear ,  but  the  est imat ion  o f  i t  i s

d i f f i c u l t . The essence of  the task is the estimation of  short-run supply

funct ions  ( such  as  those  p ic tured  in  f igure  3 .1 )  which  re late  pr ice  to

harvest  leve ls  and  are  condi t ioned  on  input  pr i ces ,  s tocks ,  and  the

opportuni ty  cost  o f  spec ia l  resources  such  as  labor .  The  a l ternat ives

avai lab le  to  the  f i sherman determine  the  opportuni ty  cost  o f  labor ,  but  these

are not in general well  understood. Some have argued that if fishermen were

n o t  f i s h i n g , they would be unemployed, and thus  the ir  opportuni ty  cost  to

s o c i e t y  i s  z e r o . If  this were true and there were no other costs of

production, then changes in producer surplus could be approximated by the

change in total revenues. Unfortunately, ne i ther  assumpt ion  i s  l ike ly  to  be

true.

Nonetheless, the change in revenues associated with an increased catch

run could be used as a f irst approximation to producer surplus changes. This

is not as bad an approximation as i t  might  f i rs t  appear  to  be ,  s ince  we  are

interested in the change in producer surplus associated with a change in

salmon stocks, not the total producer surplus. Clear ly  in  the  po lar  case  o f

p e r f e c t l y  i n e l a s t i c  s u p p l y , the change in revenues equals the change in
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Figure  3 .1 . Producer Surplus

quant i ty

I I I - 3 - 5



producer surplus.  In less extreme cases, the  necessary  condi t ion  for  the

change in revenues to approximately equal the change in producer surplus is

that  tota l  costs  change  l i t t le  as  s tocks  are  increased . Marginal and average

costs  fa l l  wi th  increased  s tocks , but  to ta l  harvest  and  there fore  to ta l  costs

increase .

A diff iculty arises because of  the constraints management agencies have

placed on the commercial harvesters. Seasonal restrictions,  sometimes as

short as three days, can impose severe l imits on how much additional f ish a

vesse l  can  catch ,  g iven  the  per iod  o f  t ime a l lo t ted . However, the

constraints may make the change in producer surplus easier to compute. That

is ,  f i shermen wi l l  take  the  same number  o f  t r ips  regardless  o f  s tock  s ize

g iven  the  seasonal  constra ints . Increased  s tock  s ize  there fore  wi l l  increase

catch  and not  a l ter  costs  substant ia l ly . Revenue changes thus would reflect

producer surplus changes.

In most cases precise producer surplus measures require detailed

information about vessel costs and production and knowledge of management

response to increased salmon runs. Informat ion  on  costs  i s  avai lab le  for

other  f i sher ies  in  the  form o f  cost  and  product ion  s imulators . A simulation

of salmon vessel operations would help determine the extent to which catches

would be increased and costs would change with increased runs.

Entry of Firms and Endogenity of Salmon Stocks

While changes in total revenues may reflect producer surplus in the short

run, i t  i s  doubt fu l  that  these ,  even  with  re f inements ,  can  be  used  to  re f lec t

long-run producers surplus accurately. One reason relates to the long-run

e n t r y  o f  f i s h i n g  f i r m s  i n t o  t h e  e x i s t i n g  f l e e t .

There is undoubtedly a level of  increased salmon stock which will  induce

entry  o f  e i ther  inputs  f rom other  f i sher ies  or  new inputs  f rom ex is t ing

firms. As  pro f i ts  r i se  with  increases  in  catch ,  ex is t ing  f i rms encounter

constra ints  such  as  the  vesse l ’ s  ho ld ing  capac i ty  or  the  s ize  o f  the
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harvest ing  gear .  L ikewise , increases in catch may suggest to other vessel

owners that the Columbia River salmon runs are a better alternative than

their  ex is t ing  operat ions .

In  e i ther  case , one cannot disregard the opportunity costs of  the new

investment. Not only does the new investment represent opportunities

foregone in other sectors of  the economy, but the reassignment of  vessels to

the Columbia River system will  l ikely reduce production and consumption of

f i sher ies  products  f rom other  areas . Knowledge of investment and fishery

transfer  dec is ions  i s  essent ia l  in  the  long-run analys is .

Entry and investment are probably best addressed in a discrete choice

framework. Bockstael and Opaluch (1983) have demonstrated this approach in

their study of the New England fisheries. T h e i r  r e s u l t s  i n d i c a t e  f i s h i n g

f i rms change  the  nature  o f  the ir  f i sh ing  operat ions  i f  incent ives  are

s u f f i c i e n t . To our knowledge, no one has attempted to apply this approach to

the  Pac i f i c  Coast  f i sher ies .

This  i ssue  o f  increased  o f f shore  e f for t  ra ises  an  important  po int  for

long-run analys is . An initial  change in the salmon run does not guarantee a

change of similar magnitude in the long-run stock. F i r s t , t h e  e x i s t i n g  f l e e t

may harvest  suf f i c ient  vo lume so  that  the  increase  i s  not  v iab le  in  the  long-

run. Second, if  the existing fleet does not diminish the enhancement in

stocks , then  there  i s  incent ive  for  more  e f for t  to  be  d i rec ted  to  the

Columbia system. The  harvest  assoc iated  with  the  new e f for t  wi l l  l ike ly

reduce stock improvements caused by the policy change.

The point is that salmon stock size should be treated as endogenous in a

long-run model. The ability to l ink the economics of  harvest and entry with

intertemporal  b io log ica l  change  may be  cr i t i ca l  to  the  success fu l  va luat ion

of  sa lmon stocks .  Interdisc ip l inary  research  in  the  long-run dynamics  o f

investment and biological change is the only way to address this issue.
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Consumer Benefits from Increased Salmon Runs

The estimation of consumer benefits is a controversial concept.  However,

after many years of  debate over the issue, a consensus is forming within the

economics profession as to practical and defensible measures of  the consumer

benefits associated with events which alter the price of  a commodity. (See

Chapter 5 of Just, Hueth and Schmitz, 1982, for a complete development of

these arguments).  The “will ingness-to-pay” for a price change has been

accepted as an unambiguous money measure
1

of consumer benefits. This measure

is defined as the amount of money which the individual must pay, or with

which he must be compensated, such that he is indifferent between his

or ig inal  s i tuat ion  and that  fo l lowing  the  publ i c  po l i cy  act ion  which  a l ters

market price.

The  wi l l ingness - to -pay  to  avo id  a  pr i ce  increase  or  to  en joy  a  pr i ce

decrease can be approximated by the change in the area to the left  of  an

individual ’s  demand curve and above price. For example, i f  an  external  event

were to cause a decline in the price of  salmon from some price Op t o  pl, then

the trapezoidal area (p’ABp1)  in f igure 3.2 would be an approximate measure

o f  the  indiv idual ’ s  wi l l ingness - to -pay  for  the  r ight  to  consume his  des ired

amount of  the good at the new, lower price. This  area  i s  the  prec ise

“wi l l ingness - to -pay” measure only if the demand curve is a “compensated”

demand curve.2 However, economists (e.g. ,  Willig,  1976 and Rahmatian, 1979)

have shown that under many circumstances consumer surplus is a good

approximation of the more correct measure. A smal l  income e f fec t  i s  a

condi t ion  for  th is  approx imat ion  to  be  c lose , b u t  i t  i s  q u i t e  p o s s i b l e  t h a t

the demand for salmon has a rather large income effect,  salmon being

something of a luxury good. In any event bounds on compensating and

equivalent variation can be established from the consumer surplus estimate

and information about the size of  the income effect.

Welfare Measurement in a Vertical Market

The measurement of consumer surplus requires that we know not only the
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Figure  3 .2 . Consumer Surplus
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shape of consumer demand but the new equilibrium price. I f  f i shermen so ld

salmon directly to f inal consumers, the  s tory  to ld  so  far  would  be  suf f i c ient

to  expla in  a l l  pr i ces  and  to  capture  a l l  benef i ts . Middlemen (i .e.  the

processors , marketers and restaurant operators) buy salmon to provide a

product to the ultimate consumer. These agents are important because they

determine how price changes will be passed on to consumers and because

welfare gains can accrue to them as well .

When exogenous shocks (such as the effects of  increased salmon

avai lab i l i ty )  are  introduced  in  markets , there are repercussions throughout

the marketing chain. In  the  case  o f  sa lmon,  factors  which  a f fect  catch  rates

wi l l  sh i f t  the  supply  o f  sa lmon outward ,  at  least  in  the  short - run. This

shi f t  wi l l  cause  the  ex -vesse l  pr i ce  o f  sa lmon to  fa l l  to  wholesa lers  and

processors and result in a shift  outward in the supply of  salmon at the next

marketing level because an input price has fallen. This  causes  the  pr ice  in

the wholesale market to decline. Ultimately, r e t a i l e r s  f a c e  l o w e r  p r i c e s  f o r

the ir  suppl ies , which shifts their supply curve outward, lowering the price

the consumer faces. Of course there are second round effects as well .  Lower

wholesa le  pr i ces  sh i f t  the  ex -vesse l  demand funct ion  to  the  le f t  which  in

turn  a l ters  pr ice  once  again ,  and so  on . The series of  adjustments

eventual ly  resul ts  in  a  new set  o f  equi l ibr ium pr ices  be ing  achieved  at  each

market ing  leve l  such  as  those  depic ted  in  f igure  3 .3 . The point is that an

exogenous change anywhere in the marketing chain will generate repercussions

in the form of price and welfare changes throughout.

The salmon marketing chain is not so simple as that depicted in figure

3.3,  but the same principle holds no matter how many levels there are to the

marketing chain. I n  f a c t , the effects need not even be l imited to the

vertical marketing chain. If  the above price changes cause shifts in demands

for other inputs at any stage in the marketing chain and if  these shifts

cause  a  change  in  the  pr i ce  o f  the  o ther  input  ( i . e . ,  supply  i s  not  per fect ly

e l a s t i c ) , then  there  wi l l  be  wel fare  e f fec ts  in  these  hor izonta l ly  r -e lated

markets as well .
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Figure  3 .3 .  Adjustments to Exogenous Shocks Throughout Marketing Chain
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Welfare measurement in interrelated markets is the subject of  a 1979

paper by Just and Hueth and it is explored in great depth in Chapters 8 and 9

of  Just ,  Hueth ,  and Schmitz (1982) . In the latter the authors show that

there are two ways to measure the full complement of welfare changes

resulting from an exogenous disturbance. The first is to measure each market

groups’ wel fare  separate ly . This requires estimating market supply and

demand functions for each market level in the system. The second is to

obtain aggregate welfare measures across groups by estimating sector supply

and demand curves in the market where the exogenous disturbance occurs. A

sector demand curve is one which relates quantity demanded in market k to the

pr ice  in  market  k  and to  a l l  exogenous  factors  a f fec t ing  buyers  in  th is

market and all  agents farther up the marketing chain. Likewise a sector

supply curve relates quantity supplied in market k to price in market k and

to  exogenous  factors  a f fec t ing  suppl iers  in  th is  market  and a l l  agents

farther down the marketing chain. Thus a quasi-reduced form equation

r e s u l t s ; endogenous prices at other levels of  the marketing chain are absent

but exogenous factors which affect them are included.

The  po int  can  be  i l lustrated  in  the  context  o f  a  s imple  two- leve l  market

s e c t o r . Consider the market supply and demand functions for each market

l e v e l  ( e . g . , t h e  p r i m a r y  l e v e l  (l), a n d  t h e  r e t a i l  l e v e l  ( 2 ) ) :

s1 = fl(P,,Z)

1
D1 = g (PI,P~,W)

( 3 - l a )

( 3 - l b )

s2 = f
2

(P1’P2’W ( 3 - l c )

D2 = g2(p2,Y) (3-ld)

where  S . ,  Di, and  pi represent  the  supply , demand and price of the good in1
market  leve l  i . The vectors Z, W, and Y represent exogenous factors which

enter the decision problem of the resource supplier,  the middleman, and the

f inal  consumer ,  respect ive ly .
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If  the system in (1) were estimated simultaneously,  welfare measures of

an exogenous change could be assessed for each type of  economic agent. The

parameters of system (1) would be estimated using some simultaneous equation

method (two or three stage least squares or maximum likelihood) and the new

equilibrium quantities and prices would be predicted from the reduced forms.

The effects of  an exogenous shift  in the primary market supply function

a r e  i l l u s t r a t e d  i n  f i g u r e  3 . 4 . Once having estimated the functions and

determined the new equilibriums, the welfare effects to each group could be

determined as follows. Resource suppliers gain F+G-(C+D+F) = G-C-D.

Middlemen gain A+C+E-(A+B) = C+E-B, which could alternatively be measured in

the  output  market  as  f+g- ( c+f )  =  f - c  ( see  Just ,  Hueth ,  and  Schmitz, 1982) .

Consumers gain c+e.

An alternative method is to estimate a market supply function for the

resource suppliers but a sector demand function in the primary market. The

sector demand function is defined as a equilibrium demand function in the

sense  that  i t  impl i c i t ly  incorporates  a l l  pr i ce  changes  in  the  h igher  leve l

markets in the marketing chain. In the above example, the sector demand

function in the primary market would take the form:

D1* = h(q,W,Y). (3-2)

This function incorporates the adjustments in p2 which would come about with

a change in pl resulting from an exogenous shock in market 1. Formally,

D2 = S2

which implies

g2(p2,Y)  = f2(P,,P,X.
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Figure  3 .4 . Welfare Measures in Vertically Related Markets
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S o l v i n g  f o r  p2 g i v e s

P 2 = k(q,W

which can be  subst i tuted  into  (3-lb)  to  y ie ld  the  sector  demand in  (3 -2 ) .

Intui t ive ly ,  DI* t races  out  the  re levant  po ints  on  a  sh i f t ing  demand funct ion

in market 1.

Empir ica l ly , there are advantages and disadvantages in estimating the

entire system (3-la thru 3-ld) and in estimating the market supply (3-la) and

the sector demand (3-2). The major advantage in the system approach lies in

the additional knowledge obtained as well  as in the potentially more robust

welfare estimates. The  d isadvantage  i s  the  l ike ly  co l l inear i ty  among pr ices

i n  ( 3 - l b )  a n d  (3-1~). Sector demand and supply eliminate much of the multi-

co l l inear i ty  prob lem but  y ie ld  less  in format ion  about  wel fare  e f fec ts  at  each

individual marketing level. Our inclination would be to estimate the sector

demand, however,  because the multi-coll inearity problems are certain to be

severe .

Sector demand functions have been estimated in f isheries (see Bell ,  1968)

and their usefulness relative to the complete system model frequently debated

(Lin and Williams, 1985). What has not been appreciated is the distinction

in welfare measures which are obtained from the two estimation approaches.

Carefu l  se lec t ion  o f  arguments  for  the  sector  demand funct ion  i s  cr i t i ca l  for

meaningful welfare measures. In the salmon problem, c a r e f u l  s p e c i f i c a t i o n  i s

needed  to  re f lec t  fac tors  such  as  excess  process ing  capac i ty  and  the  nature

of the international demand for and supply of  salmon.

BENEFITS OF RECREATIONALLY HARVESTED SALMON

While the concept of  consumer SUL-plus  (or will ingness-to-pay) developed

i n  t h e  l a s t  s e c t i o n  i s  r e l e v a n t  t o  t h e  d i s c u s s i o n  o f  r e c r e a t i o n a l  b e n e f i t s ,

the methods used for its estimation are not. Since no well defined market

IIII3-15



exists  for  changes  in  sa lmon catches  by  recreat ionists ,  the  benef i ts  or

losses from such changes must be deduced by less direct means.

The distinction between short-run and long-run, discussed in the previous

s e c t i o n , i s  re levant  to  the  recreat ional  sector  a lso . For analyzing

recreat ional  benef i ts ,  f i sh  dens i t ies  and  the  number  o f  anglers  are  v iewed as

exogenous in the short-run but become endogenous in long-run analysis.

We reasoned in the previous section that producers ’  surplus depends on

salmon stocks. The same reasoning holds for recreational anglers,  but the

monetary measure of satisfaction is consumer surplus. The  va lue  o f  access  to

salmon fishing can be measured in terms of consumer surplus. This  va lue  o f

access , and thus the consumer surplus measure, depends in part on the

expected  catch  rate , which in turn depends on salmon stocks.

This relationship can be shown graphically. I n  f i g u r e  3 . 5 ,  l e t  dd’ b e

the demand for access to the site, given an expected catch rate of  say one

p e r  t r i p . An angler  wi th  a  cost  per  t r ip  o f  co would be will ing to pay the

area above the cost curve and below the demand curve dd’  for access to salmon

f i s h i n g . When salmon stocks increase, the expected catch rate increases,  and

the demand for access to salmon fishing increases. Suppose the expected

catch rate increases from one to two. The demand for access increases,  and

the will ingness-to-pay for access becomes the area above the cost l ine and

below the demand curve dodo. The net change in will ingness-to-pay is the

cross-hatched strip between the two demand curves. This area is what a

representative angler would pay to have the salmon stocks increased so that

expected catch increased from one to two fish.

This measure of the benefits of  changing salmon densities is commonly

used  and  i s  based  on  the  theory  o f  qual i ty -d i f ferent iated  goods . For the

method  to  work  wel l ,  anglers  o f  a  g iven  type  (age ,  sk i l l ,  exper ience ,  e tc . )

must  regard  expected  catch  as  a  f ixed  character is t i c  o f  the  f i sh ing  tr ip ,

much as they would regard the weather or water quality. If  the assumption of

exogenous catch rate is grossly wrong, the  qual i ty -d i f ferent iated  model ,  on
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Figure  3 .5 . Valuing Quality Changes
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which studies such as Brown (1985) and Loomis (1986) are based, will  be

i n v a l i d . Exogenous quality,  as described in Bockstael and McConnell  (1981),

is a condition required to make the model econometrically feasible. For the

change in areas behind curves to be relatively complete measures of  the value

of  change  in  f i sh  s tocks  to  the  angler , two additional assumptions are

required. The  f i rs t  i s  weak complementarity: i f  the  angler  does  not  go

fishing, he does not care about changes in salmon densities.
3

The second is

that the marginal value of  changes in fish stocks be independent of  income.

This  condit ion , put forth by Willig (1978),  makes consumer surplus a good

approximation of the more correct variational measure. In  i ts  absence ,

consumer surplus may not only be a poor approximation to the accepted welfare

measures, but may fail even to be bounded by compensating and equivalent

var iat ion , a condition which always holds for price changes.

To find the aggregate value of  changing salmon stocks,  we need to add up

cross -hatched  areas  for  a l l  anglers . Further ,  by  observ ing  the  e f fec ts  o f

additional f ish stocks on demand functions we can calculate any such effect

on aggregate consumers’  surplus. As salmon stocks grow, surplus will  tend to

increase but at a decreasing rate. Eventually increases in salmon stocks will

br ing  negl ig ib le  addi t ional  increases  in  anglers ’  surpluses . The expected

relationship is shown in figure 3.6,  where TT’ represents  the  to ta l  va lue  o f

salmon stocks, and MM’ represents the marginal value. The essence is that

the marginal value of  salmon stocks depends on the level of  salmon stocks and

tends  to  dec l ine  with  increas ing  s tocks .

There are two prevalent methods for measuring the benefits shown in

f i g u r e  3 . 5 . The  f i rs t  depends  on  recreat ion is ts ’  behavior  and  i s  deve loped

analogously to the market measures. The  second re l ies  on  d irect  quest ioning

of  recreat ion  part i c ipants .

Market-Oriented Methods

Market-oriented methods for valuing recreation commodities use

observations on an individual ’s  behavior in markets for-  related goods to
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Figure  3 .6 . Total (T) and Marginal (H) Benefits of  Increased Salmon Stocks
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infer his valuations for the non-market good. Development of these methods

began in the late 1950s (Clawson, 1959; Clawson and Knetsch, 1966).  The most

widely used technique to emerge from the early work is the “travel-cost

method”, which examines the relationship between a person’s or household’s

consumption of  a non-market good and the cost of  travel incurred in order to

consume the good. Responses to changes in travel cost are assumed to be

similar to responses to changes in price for the non-market good.

More recently, the travel-cost method has been shown to be a special

case, in which quality is exogenous, of  a broader behavioral model referred

to as the “household production” model (Bockstael and McConnell, 1981 and

1983). In the household production model the individual buys market goods

and combines them with time in a “production” process to produce non-marketed

commodities. A salmon fishing trip,  for example,  is produced by an angler

using time together with purchased inputs such as gasoline,  tackle and bait.

The  resul t  o f  th is  product ion  process  can  be  cons idered  the  sport  f i sh ing

experience. The  indiv idual ’ s  demand for  sport  f i sh ing  tr ips  wi l l  be  a f fec ted

by  the  cost  o f  produc ing  those  t r ips  and  by  the  qual i ty  o f  the  t r ips ,  where

the quality dimension may include such factors as the natural beauty of the

s i t e , the  so l i tude , and the number of salmon caught.

The remainder of  the discussion will  focus on valuing changes in

exogenous  factors  which  a l ter  the  qual i ty  o f  a  sport  f i sh ing  exper ience .

Because we are analyzing the effects of  additional salmon stocks,  we discuss

methods of measuring only one quality dimension, the  catch  rate  assoc iated

with  a  sa lmon sport  f i sh ing  tr ip . As figure 3.5 shows, behavioral measures

of will ingness-to-pay for salmon stock changes rely on demand curves. The

travel cost method is a way to estimate these demands.

The Simple Travel Cost Model

The zonal travel cost model involves construction of  a demand function

f o r  v i s i t s  t o  a  s i t e  b y  v i e w i n g  tr-ip c o s t s  p e r  v i s i t  a s  p r i c e  a n d  v i s i t a t i o n
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rate  as  quant i ty . V i s i t a t i o n  r a t e s  t o  t h e  s i t e  p e r  i n d i v i d u a l ,  o r  p e r

geographica l ly -s imi lar  groups  o f  indiv iduals , a r e  a n t i c i p a t e d  t o  f a l l  a s

d i s t a n c e  f r o m  t h e  s i t e  a n d  t r a v e l  c o s t s  ( p r i c e )  r i s e .  I n  a  g r a p h  o f  t h e

demand function for trips, the price which would normally be on the vertical

ax is  i s  rep laced  by  costs ,  pr inc ipal ly  costs  o f  t rave l ,  and  the  quant i ty  (on

the  hor izonta l  ax is )  i s  t r ips  per  person  per  t ime per iod  (e .g . ,  per  year ) .

More  sophist i cated  vers ions  o f  the  t rave l  cost  model  use  indiv idual

observations rather than observations on zones. Recent research (Smith and

Desvousges, 1985; Bockstael, Hanemann, and Strand, 1986) has focused on the

vir tues  o f  us ing  indiv idual  observat ions  to  handle  correct ly  the  indiv idual ’ s

d e c i s i o n  t o  p a r t i c i p a t e . The individual angler ’s demand function is

estimated using maximum likelihood procedures which account for the truncated

or censored sample problem inherent in individual data where many individuals

are non-participants and consume zero quantities of  the good.

There is a vast l iterature (see Bockstael,  Hanemann, and Strand)

examining travel cost models. Fundamental issues raised in this l iterature

inc lude  how the  v is i tors ’ time should be valued when estimating the

relationship,  how to aggregate individual demands to determine aggregate

wi l l ingness - to -pay , and how to  cons ider  l ike ly  a l ternat ive  recreat ion  s i tes

when estimating the relationship. Additionally, the sample of  observations

must be free of  sampling design error and appropriate econometric methods

must be used to guarantee reliable estimates (Rahmatian, 1987 and Thayer,

1981)s

The credibility of  the travel cost method has suffered from many

specification and estimation problems. One perennial problem is the

treatment of  the value of time in a convincing and logical manner.  By the

196Os,  economists were arguing that time as well  as money costs were

important  factors  a f fec t ing  indiv iduals ’ dec is ions  to  make  tr ips  to  a  s i te .

If  t ime requirements were not included in the demand function, biased

estimates of both demand function parameters and consumer surplus measures

would result . It  was also argued that time was valued differently by
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different people and these differences could perhaps be captured by valuing

time in a way related to these individuals ’  wage rates.  W i t h  l i t t l e  o r  n o

theoret i ca l  de fense , a number of methods for valuing time appeared in the

l i terature  ranging  f rom the  inc lus ion  o f  t ime costs  per  se  to  incorporat ing

time valued at some fraction of  the individual ’s  wage rate.

Study after study has reinforced the conclusion that consumer surplus

measures are especially sensitive to the treatment of  time. In an attempt to

remove some of the ad hoc nature of  time specifications,  McConnell  and Strand

(1981) developed a technique to estimate the proportion of  the wage rate at

which time might be valued. Desvousges, Smith and McGivney (1983) attempted

a more defensible household production-related treatment of  t ime.

Recent work by Bockstael, Strand, and Hanemann develops a model of the

demand for  recreat ion  which  expl i c i t ly  incorporates  the  va luat ion  o f  t ime as

it  depends on an individual ’s  employment opportunities.  The model shows how

spec i f i cat ions  o f  demand funct ions  vary , depending  on  an  indiv idual ’ s  ab i l i ty

to work extra hours for extra wages. With discretionary employment, util ity

maximizat ion  impl ies  the  demand for  v is i ts  to  a  s i te  i s :

x = f(p + wt,z)

where  p  i s  t rave l  cost , t  i s  the  t rave l  t ime per  v is i t ,  w  the  a f ter - tax  wage

rate and z a vector of  other exogenous variables including income. When the

individual has no discretionary work, the demand function becomes

x = f(p,t,z)

where the exogenous variables now include a standard measure of income and a

measure  o f  to ta l  t ime avai lab le  for  non-work  act iv i t ies .  For  a  part i cu lar

c l a s s  o f  u t i l i t y  f u n c t i o n ,  B o c k s t a e l , Strand and Hanemann show that the

demand functions are specified as

x = aG + al(p + wt) + a2Z + Error
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for individuals who can choose to work extra hours.  The (T’S are combinations

of parameters of  the preference function. For individuals with no such

d i s c r e t i o n , the demand functions are

x = - r + -r p +0 1 T t +2 T 2 + E r r o r
3

where the T’S are different combinations of  parameters of  the same preference

funct ion .

A second, much debated issue in the travel cost l iterature is the problem

of proper aggregation of  values across individuals.  There are many topics

which  fa l l  under  the  rubr ic  o f  “aggregat ion” ,  and most  are  current ly

unresolved. One aggregation issue stems from the nature of the demand for

v i s i t s  t o  a  r e c r e a t i o n a l  s i t e .  Many individuals are observed to choose zero

v i s i t s ,  i . e . , they  do  not  part i c ipate  in  the  recreat ion  act iv i ty .  As the

p r i c e  p e r  v i s i t  r i s e s , some people take fewer visits,  and others stop

v i s i t i n g  a l t o g e t h e r ;  o f  c o u r s e , those who were non-participants before do not

change their behavior.  For goods where there are many observations of zero

levels of  consumption, econometric estimation and sampling design must be

handled carefully--and will  differ depending on whether observations are

co l lec ted  for  indiv iduals  or  averaged  across  indiv iduals  wi th in  a  zone .  The

nature of  the error which arises from zonal based models is examined in

McConnell and Bockstael (1984). The problems of zonal models have been the

focus of  considerable research by W. Brown and colleagues (see for example,

Brown and Nawas, 1973; Brown, Sorhus, Chou-Yang, and Richards, 1983). Brown

has proposed several adjustments to single OLS models to correct for the

censor ing / truncat ion  problem created  by  the  part i c ipat ion  dec is ion .  Brown ’ s

suggest ion  perta ins  to  est imat ing  the  indiv idual ’ s  demand funct ion ,  g iven  in

the form

x. *
1J

=  f ( z . . )
1J

where x. .
1J

i s  t h e  t r i p s  f o r  p e r s o n  i ,  t r a v e l  z o n e  j ,  f(e)  i s  t h e  d e m a n d

funct ion  and z . .
1J

i ts  vector  o f  arguments ,  inc luding  trave l  cost .  Brown shovs
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in a numerical example that transformations of  the dependent variable yield a

correct estimate of consumer surplus.  The transformed model is

x*. .
iJ

= f(Zij)

where x*. . = f. .x. . , f, ,
1J 1J 1J 1J

be ing  the  rat io  o f  the  sample  expans ion  factor  for

the  j th  zone  to  the  respondent ’ s  share  o f  h is  d is tance  zone ’ s  populat ion .

Brown uses this formulation to estimate an approximate per capita demand

function which gives reasonably accurate results for consumer surplus,  not to

estimate the correct individual behavioral parameters.

The problem of truncated/censored errors and participation has been

approached through classic discrete choice models in McConnell  and Bockstael

(1984) and Bockstael,  Strand and Hanemann (1985).  The basic approach is to

recognize that individual demands can be written:

X

i

f(zij) - e if f(s) - E.. > 0
ij = 0 if f(e) - Ei: 5 0.

Using this formulation, we can estimate the parameters inherent in f(e)

by maximum likelihood methods. This model has the virtue of formulating the

censored / truncated  error  as  a  d irect  consequence  o f  the  part i c ipat ion

d e c i s i o n .  The  probabi l i ty  o f  part i c ipat ion  i s :

P r o b  (f(zij)  - E >  0 )  =  P r o b  (I < f(zij)).

With I distributed normally, the probability function can be estimated by

profit  procedures from a sample of  the population, without information on

t r i p s .  The full  behavioral function can be estimated from a sample of  users

only .  These l imited dependent variable procedures require software packages

such as LIMDEP or SHAZAM.

All  of  the above problems arise when researchers attempt to value a

r e c r e a t i o n a l  s i t e .  In  the  qual i ty -d i f ferent iated  model ,  s i te  va luat ion  i s

intr ins ic  to  the  va luat ion  o f  qual i ty  changes .  Many site valuation issues
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ar ise  in  va lu ing  the  changes  in  the  qual i ty  o f  sport  f i sh ing  which  are

attr ibutable  to  changes  in  catch .  However, the valuation of an improvement

in  catch  rates  requires  carry ing  the  analys is  one  s tep  further .

Frequently, attempts to value a quality improvement precede the actual

implementation of the improvement. In such cases,  demand after the quality

change cannot be observed. The change in demand must be deduced from

whatever information exists about the relationship between demand and

q u a l i t y .  The relationship between visits and quality can often be obtained

b y  o b s e r v i n g  d e m a n d  a c r o s s  s i t e s  w i t h  d i f f e r e n t  q u a l i t i e s .  I f  i t  i s  p o s s i b l e

to  observe  indiv iduals ’  behavior  over  t ime, th is  wi l l  a l so  prov ide  the

necessary  var iat ion .

Multiple Site Models

Once it  is  recognized that the relationship between the demand for a

recreat ional  act iv i ty  and i ts  qual i ty  i s  best  est imated  by  observ ing  demand

o v e r  a l t e r n a t i v e  s i t e s  o r  s i t u a t i o n s  ( e . g . seasons)  wi th  d i f fer ing  qual i ty ,

models must be constructed to incorporate choice among these alternatives.

Such models are valuable in accounting for substitutes.

If  substitutes are not appropriately modeled, a number of  biases can

arise in the estimation of site demand functions and consumer surplus.

Demand functions based on the implicit assumption that substitution among

s i tes  i s  not  poss ib le  may over -va lue  s i tes  when subst i tut ion  i s  poss ib le .

The  nature  o f  the  s ing le  s i te  t rave l  cost  method  i s  to  extrapo late  use  rates

across  indiv iduals  with  vary ing  trave l  costs .  The problem with treating

increas ing  trave l  costs  as  though they  were  increas ing  pr ices  i s  that

indiv iduals  in  d i f ferent  geographica l  areas  may have  d i f ferent  subst i tutes .

I f  these  are  not  taken into  account , the wrong inferences will  be drawn from

the estimated demand functions because an increase in price (travel cost)

w i l l  r e s u l t  i n  t h e  u s e r  s w i t c h i n g  t o  t h e  s u b s t i t u t e ,  n o t  j u s t  v i s i t i n g  t h e

s i t e  l e s s  o f t e n .
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Early recreational demand models typically did not incorporate quality

d irect ly  because  the  models  d id  not  a l low for  var iat ion  in  qual i ty ,  over

indiv idual  observat ions .  Site demand functions could not be estimated as a

function of the constant quality dimension. More recent investigations have

found ways around this problem by imposing some degree of  parallel  structure

across  the  demands  for  d i f ferent  s i tes .  One approach is to presume that the

demand function for each site has exactly the same parameters so that

observat ions  across  s i tes  as  wel l  as  ind iv iduals  can  be  poo led  into  one

estimation. A more general approach is to estimate a system of demands such

as Burt and Brewer (1971) or Cicchetti , Fisher and Smith (1976),  but in a

second stage, explain the difference in demand parameters across sites as

f u n c t i o n s  o f  d i f f e r i n g  q u a l i t y  a c r o s s  s i t e s .  This varying parameters model

has been extensively employed by Smith, et. al. (1983) and Vaughan and

Russe l l  (1982) .  A l l  o f  these  models  encounter  d i f f i cu l t ies  in  t reat ing

subst i tute  s i te  pr i ces  and qual i t ies ,  however .

In contrast to the models based on systems of demands, a second approach

can be developed using discrete choice models.  In these models,  the

dependent  var iab le  i s  d iscrete  or  categor ica l .  I t  represents  a  cho ice  o f  one

f r o m  a  f i n i t e  s e t  o f  a l t e r n a t i v e s .  As  appl ied  to  recreat ional  dec is ions ,

d iscrete  cho ice  models  expla in  the  cho ice  o f  recreat ional  s i te  on  any  g iven

occas ion  as  a  funct ion  o f  the  pr i ces  and  qual i t ies  o f  a l l  ava i lab le

a l t e r n a t i v e s .  The total number of  trips taken in a year (including zero as a

possibil ity)  must be estimated in a separate procedure but can be structured

to include information from the discrete choice problem.

Bockstael, Hanemann, and Strand estimate such a discrete choice model.

The choice among sites is given by the generalized extreme value model (an

extens ion  o f  the  logit model )  f or  cho ice  o f  t r ip  dest inat ion :

e x p  [ Cj pjZji/(l-u)]

‘i = Ck e x p  [Cj ejZjk/(l-u)]

where P
i

i s  t h e  p r o b a b i l i t y  o f  c h o o s i n g  t h e  i t h  s i t e ,  k =  l,....,I< i s  t h e

number  o f  s i tes ,  Z .
Jk

is  the  j th  at tr ibute  o f  the  kth  s i te  and a and  a are  the
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vectors of  parameters to be estimated. This  model  expla ins  the  d is tr ibut ion

of  t r ips ,  but  not  the  tota l  number  o f  t r ips .  In  a  way which  i s  intui t ive ly

plaus ib le  but  not  fu l ly  cons is tent  with  cho ice  theory ,  one  can  construct  the

i n c l u s i v e  p r i c e ,  d e f i n e d  a s

I = In C exp [C f3 Z /(l-a)]
k j jjk

for  each  indiv idual  to  he lp  expla in  the  to ta l  number  o f  t r ips ,  f or  example ,

in a Tobit  model.

The combined discrete and continuous choice models can be used both to

predict behavioral responses to sport f ishing changes and to value these

changes in terms of will ingness-to-pay measures. The model captures all

phases of  the recreational decision--whether or not to participate,  how many

t r i p s  t o  t a k e , and how to allocate those trips among alternative sites or

f i sh ing  opportuni t ies .

Travel Cost Studies of  Angler Success Rates

Steven’s (1966) study of f ishing in Yaquina Bay, Oregon, was the first

at tempt  to  introduce  catch  rates  (or “angler  success” )  into  recreat ional

demand analysis. Using daily and weekly information, he determined short-run

e l a s t i c i t i e s  o f  e f f o r t  ( f i s h i n g  d a y s )  t o  s u c c e s s  r a t e  f o r  s a l m o n  (.37 t o  .58)

and bottom fish (.09). The model of  demand is relatively ad hoc with the

response - to -success  rate  be ing  est imated  independent  o f  a  Clawson  trave l  cost

model of recreational demand. The ultimate intent of  the study was to

determine how pollution in Yaquina Bay would influence recreational values

from sport  f i sh ing .  No  cons iderat ion  was  g iven  to  a l ternat ive  s i tes ,  and  the

study addressed aggregate rather than individual behavior- .

Other studies have used aggregate demand information (e.g.  BL-own,  SOL-bus,
and Meyer, 1982; Samples and Bishop, n.d.) b y  f i r s t  determining t h e  aggregate

c o n s u m e r  s u r p l u s  f o r  different l o c a t i o n s  o f  s i t e s .  These aggrega te surpluses

are  then regressed  against  the  catch  rate  at  the  various s i tes .  The

c o e f f i c i e n t  a s s o c i a t e d  w i t h  t h e  c a t c h  r a t e  i s  interpreted b y  the a u t h o r s  a s
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some measure of the aggregate value of a marginal change in the average catch

rate .

The authors undoubtedly recognize that catch rates can bring new

p a r t i c i p a n t s  t o  a  s i t e  a s  w e l l  a s  i n c r e a s e  t h e  a c t i v i t y  o f  e x i s t i n g

fishermen. The work does address this aspect of  aggregate response,  but is

far from an integrated model of  individual behavior. For example, catch rate

is  not  t reated  s imultaneous ly  with  trave l  cost  when est imat ing  e f for t  at  a

s i t e , and benef i t  es t imates  are  incons is tent  with  any  rea l i s t i c  mult ip le  s i te

dec is ion  process .

McConnell  and Strand (1981) studied the individual response of

part i c ipants  to  changes  in  catch  rate . The estimating equation in these

models  inc ludes  trave l  cost  and catch  rate  d irect ly . Est imated  e last i c i t ies

associated with coastal species such as striped bass ranged from less than

0 . 1  t o  o v e r  0 . 2 . The major shortcoming of this work lies in sample selection

bias  and in  i t s  inabi l i ty  to  examine  the  in f luence  o f  catch  rate  on

p a r t i c i p a t i o n  d e c i s i o n s .

Probably the most advanced empirical work in this area is by Vaughan and

Russe l l  (1982) . Their work uses a three-step behavioral sequence. The

sequent ia l  dec is ions  are :  (1 )  whether  to  be  a  f i sherman or  not ;  (2 )  whether

t o  p a r t i c i p a t e  i n  f i s h i n g ; and (3 )  whether  to  f i sh  for  t rout ,  bass ,  or

roughfish. Presumably ,  part i c ipat ion  in  trout  and bass  f i sh ing  i s  a  funct ion

of  the  catch  o f  each  type  o f  f i sh . For example, the  f i sherman ’s  catch  o f

t rout  has  an  e f fec t  on  the  part i c ipat ion  in  bass  f i sh ing  and the  days  o f  bass

f i s h i n g , as  wel l  as  t rout  f i sh ing . The results show both participation and

intens i ty  to  be  respons ive  to  catch  rates , b u t  t h e s e  f a c t o r s  a r e  d i f f i c u l t  t o

re late  to  es t imates  ga ined  in  prev ious  s tudies  ( l ike  e last i c i t ies )  wi thout

information which is unavailable in the study.

Vaughan and Russell are able to determine how aggregate demand changes

with changes in success rate, but they rely on an approximation of

compensated measures of value with uncompensated curves. The benefits from
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water quality improvements are assessed as the difference between the

existing situation and a new situation in which water quality has improved.

The temporal sequence from changes in water quality to increased productivity

of f ish stocks is not modeled by Vaughan and Russell ,  making their work

e s s e n t i a l l y  s t a t i c ,  r e q u i r i n g  f i sh  s tocks  to  ad just  instantaneously to

changes in water quality.

DIRECT QUESTIONING TECHNIQUES

A Description of The Techniques

For  s i tuat ions  in  which  observat ions  on  behavior  are  not  poss ib le ,  t rave l

cost and other market-related techniques may be diff icult to estimate. For

example ,  f or  the  introduct ion  o f  a  new spec ies  o f  f i sh  into  a  lake  prev ious ly

not  f i shed , no observations on behavior would be possible.  Direct

quest ioning  techniques  ( f requent ly  re ferred  to  as  cont ingent  or  hypothet i ca l

valuation) are not dependent on observed behavior and thus may at times be

the only viable approach.

Contingent valuation requires the design of a hypothetical market in

which surveyed individuals can hypothetically participate.  The researcher

formulates  a  ser ies  o f  quest ions  des igned  to  e l i c i t  d i rect ly  the  indiv idual ’ s

wi l l ingness - to -pay  (b id )  for  a  po l i cy  change  or  o ther  external  event .  Both

the  event  and  the  wi l l ingness - to -pay  b id  are  hypothet i ca l  in  that  indiv iduals

are asked to assume that a change would take place;  except in experiments by

Bishop and colleagues, the  b id  i s  never  actual ly  co l lec ted  or  pa id .

In concept, the  technique  i s  intended  to  reveal  the  t rue  willingness-to-

pay measure; that which would keep individuals at the same level of

sat i s fact ion  be fore  and  a f ter  the  policy change .  As such, i t  i s  f r e e  o f  t h e

est imat ion  problems descr ibed  in  prev ious  sect ions  inc luding  the  d i f f i cu l ty

of estimating a response to an exogenous change which has not already

occurred .  However, direct questioning techniques generate their own
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d i f f i c u l t i e s , which are described fully in Cummings, Brookshire and Schultz

(1984).

Contingent valuation is appealing because it  can presumably be used to

value almost anything, since it  relies not on modeling observed behavior but

on  d irect  quest ioning .  In  addi t ion  to  a l l  o f  the  potent ia l  b iases  assoc iated

with the way in which the questions are asked (see Cummings, et al .  for a

discuss ion) ,  however , there are three fundamental problems with the approach.

T h e  f i r s t  i s  t h a t , g iven  the  hypothet i ca l  nature  o f  the  quest ioning ,  there  i s

no way to do any hypothesis testing on the results.  The approach simply

yie lds  va luat ion  answers  and the  “ truth”  i s  never ,  even  a f ter  the  fact ,

observed. Consequently, there  i s  no  obv ious  way  to  use  s tat is t i ca l

procedures to determine how close the estimates may be to observed behavior

or even how certain the estimates are.  The second problem with contingent

valuat ion  i s  that  i t  does  not  do  wel l  i f  the  hypothet i ca l  change  ( in  pr i ce  or

qual i ty  o f  an  act iv i ty  or  resource )  would  normal ly  prompt  a  ser ies  o f

adjustments in behavior.  A third problem with contingent valuation, which is

o f  part i cu lar  re levance  here , i s  t h a t  i t  i s  p r i n c i p a l l y  a  v a l u a t i o n

technique, not a modeling technique. Thus, i t  i s  des igned  to  address  the

so le  ob jec t ive  o f  es t imat ing  wel fare  ga ins  and  losses  but  not  that  o f

est imat ing  behaviora l  re lat ions .  How many additional salmon anglers are

drawn by greater runs is sti l l  a relevant question even if  we knew the value

per current angler (See Rahmatian, 1981 ,  for  addi t ional  ins ights  into  these

issues. )

It  would be possible to estimate demand functions from answers to direct

questions if  the appropriate questions were asked. One could ask “How many

tr ips  o f  a  cer ta in  type  would  you  take  at  a  cost  o f  $X?” Ult imate ly ,  the

data would be used to estimate models statistically,  such as those used in

recreational demand (travel cost)  models.  They would be subject to all  the

same drawbacks of the recreational demand models, but additionally would be

based on hypothetical responses.  While the hypothetical approach has obvious

disadvantages, it  does have the advantage of  yielding observations on any

circumstances one might wish to evaluate.  Bishop and Heberlein (1979) went
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beyond the hypothetical question concept and actually purchased hunting

rights from respondents.  This approach, however, may not be practical when

large populations of  respondents are required.

Applications of  Hypothetical Valuation

An initial  attempt at estimating the value of a catch rate change via

contingent valuation is offered by Mathews and Brown (1970). In  the ir  s tudy

of Washington salmon fisheries, a contingent valuation question was asked

regarding the amount of  money an individual would be will ing to accept in

payment  for  re l inquishing  the  r ight  to  f i sh  in  each  o f  four  reg ions .  These

wi l l ingness - to -se l l  b ids  are  then  d iv ided  by  t r ips  to  get  an  “average  va lue

per  t r ip”  for  each  o f  the  four  reg ions .  Al though not  analyzed  s tat is t i ca l ly ,

the  graph o f fers  s trong  ev idence  o f  a  pos i t ive  re lat ionship  between catch

rates and average consumer surplus. The relationship is then used to

est imate  the  e f fec t  o f  l owered  catch  rates  on  the  consumers ’  va lue  o f  sport

f i s h i n g .

A number of  other studies have asked hypothetical questions to determine

the value of a f ishing trip (e.g.  Wegge, Hanemann, and Strand, 1985).  In one

instance, each  indiv idual  i s  asked  (d irect ly  or  through a  b idding  process )

what  t rave l  cost  would  force  h im to  s top  taking  tr ips  to  a  s i te .  This

information, along with the fisherman’s current number of trips and travel

cost,  gives two points on a demand curve. By assuming a functional form for

the demand curve and integrating over the actual number of trips,  we can

der ive  va lue  o f  wi l l ingness - to -pay .  This value can be regressed against the

average catch per trip to determine the marginal will ingness-to-pay. In

essence,  the procedure is similar to the approach by Mathews and Brown,

except  that  wi l l ingness - to -pay  i s  es t imated .

Long-Run Analysis

The discussion presented above takes a short-run view: f ish stocks and

anglers are assumed fixed. Long-run developments in  a  recreational f i sher -y .
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as in a commercial f ishery, make the number of participants and the salmon

stocks endogenous. This endogenity can be understood by analyzing the long-

run impact of an enhancement program. Suppose such a program has the initial

impact of  increasing salmon stock densities.  Greater  dens i t ies  l ead  to

higher  consumer  surplus  for  anglers  a lready  f i sh ing  for  sa lmon.  The

increased surplus may attract additional anglers,  who in turn harvest more

salmon, reducing current salmon stocks. Because salmon stocks are endogenous

in  the  long-run, we must focus on the impact and net benefits of  rules and

regulations which influence angler behavior and salmon stocks.  The decision

to  part i c ipate  in  sa lmon angl ing  should  be  g iven  spec ia l  a t tent ion  for  long-

run analysis.

In planning research on recreational harvesting of salmon, one must think

carefully through the implications of  endogenous participation and endogenous

stocks .  F i r s t , in  the  long-run the  angler ’ s  catch  rate ,  whether  per  year  or

per season, becomes endogenous. Rules which enhance salmon stocks, even in

the long-run, may increase or reduce the catch rate,  depending on the

re lat ive  responses  o f  angler  e f for t  and  sa lmon stocks .  Second, t h e  e f f e c t  o f

many rules and regulations enter angler ’s preference or demand functions

d i r e c t l y .  For example, a daily bag limit has a short-run impact on the value

of  f i sh ing  for  an  indiv idual  angler , and a long-run impact through the salmon

stocks .

Rules and regulations in the salmon fishery stem from the inefficient

nature  o f  open access  to  f i sh  s tocks .  Partial  measures to prevent open

access have been developed and implemented in the ocean fisheries.  The

implementation of these schemes may have some impact on the valuation of

act ions  which  change  f i sh  s tock  dens i t ies . While there are many different

act ions  a imed at  curta i l ing  recreat ional  catch ,  we  focus  here  on  the  bag

l i m i t .

Bag limits which differ by season and location currently apply to ocean

salmon fishing. Their effect on recreational behavior depends on how

constraining they are and how they influence alternatives.  I f  the  bag  l imit
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on  sa lmon has  the  e f fec t  o f  a l ter ing  the  qual i ty  o f  o ther  a l ternat ives  (e .g .

there  are  spec ies  inter -re lat ionships ) , then these are missed in contingent

valuat ion .  A  natural  extens ion  o f  th is  idea  i s  that  cont ingent  va luat ion

quest ions , once asked, answer one question and cannot subsequently be used to

analyze  another  hypothet i ca l  quest ion ,  i . e . , another type of exogenous change

in the decision making environment.

If we attempt to use recreational demand modeling in the salmon problem,

we f i rs t  must  d iscover  how bag  l imits  a f fec t  behavior .  If fishermen knew

before each trip how much they would catch, and bag  l imits  determinist i ca l ly

a l tered  that  catch , then deducing the effects of  bag l imits would be

re lat ive ly  s tra ight forward .  Instead, fishermen probably make decisions to go

sport  f i sh ing  on  the  bas is  o f ,  among other  th ings ,  “pr iors”  on  the

distribution of f ish catch, however vague these may be.  Bag limits do not

d e t e r m i n i s t i c a l l y  a l t e r  f i s h  c a t c h , they  change  the  probabi l i ty  d is tr ibut ion

o f  f i s h  c a t c h .  They  truncate  the  d is tr ibut ion  at  the  bag  l imit .  I t  i s ,  o f

course, s t i l l  poss ib le  for  a  f i sherman to  go  home with  fewer  f i sh  than the

bag l imit .

Whi le  th is  introduces  some d i f f i cu l t ies ,  i t  does  not  make  the  task

impossible.  There are several ways of  handling the problem. Recreational

demand models depend upon modeling recreational decisions as functions of  the

c o s t s  a n d  q u a l i t y  c h a r a c t e r i s t i c s  o f  a l l  t h e  a l t e r n a t i v e s .  T h e r e f o r e ,  i t  i s

necessary to get some notion of  how the fisherman perceives the distribution

o f  f i s h  c a t c h  f o r  a l l  h i s  r e l e v a n t  f i s h i n g  a l t e r n a t i v e s .  One way to get this

in format ion  i s  to  ask  a  ser ies  o f  quest ions  about  expectat ions  e .g . ,  “ I f  you

went out on ten 8-hour salmon fishing trips, on how many of these trips do

you think you would catch fewer than one salmon? fewer than two salmon?. . . "

Such questions reveal enough about the individual ’s  perception of  the

d i s t r i b u t i o n  o f  t h e  c a t c h  t o  b e  u s e f u l  t o  us, particularly i f  o n e  o f  t h e

re ference  po ints  i s  the  actual  bag  l imit .

Another  a l ternat ive  i s  to  co l lec t  data  on  actua

presumes fishermen have perfect information. Then,
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alternatives the calculated means and variances of  the actual catch data.

This  i s  much eas ier  but  less  des irable ,  s ince  behavior  i s  predicated  on

percept ions  and these  could  vary  a  great  deal  across  a l l  sport  f i shermen.  In

f a c t , one  o f  the  prob lems with  th is  approach  i s  that  i t  produces  very  l i t t le

variation in the explanatory variables when means and variances of  catch

rates  are  ca lculated  f rom actual  data .  Moreover, a  catch  quota  wi l l  f orce

a l l  o f  the  observat ions  to  be  two  f i sh  or  fewer , even though some fishermen

may catch more and keep only two. One way to introduce more variation in the

data is to calculate means and variances conditioned on the experience of  the

individual sport f ishermen. Note  that  th is  approach  requires  co l lec t ing

actual catch data by sport f ishermen at the end of the trip.  (It  would be

interest ing  to  co l lec t  expectat ions  data  in  pre - tr ip  interv iews  and actual

catch data in post-trip interviews and compare these two approaches.)

An important  aspect  o f  bag  l imits  i s  whether  they  are  enforceable .  Do

anglers  be l ieve  they  wi l l  get  caught , convicted and prosecuted because they

v i o l a t e  b a g  l i m i t s ?  If  the answer is no, t h e n  i t  i s  n o t  l i k e l y  t h a t  b a g

limits will  have much influence on the demand for or valuation of the

r e c r e a t i o n a l  f i s h e r y .  Further, if  bag limits exceed what most anglers expect

to  catch , then they may have a negligible effect on demand. Ultimately

understanding the effect that bag limits have on valuation involves

understanding anglers’  decision making behavior under uncertainty. These

issues are complex and are related to the concept of  option value,  the

persistent study of which has yielded no simple answers.

SUGGESTED PROCEDURES

The Commercial Sector

The ca lcu lat ion  o f  benef i ts  f rom the  commercia

changes in producer surplus to all  economic agents

changes in consumer surplus to final consumers. As

measures can be obtained by estimating appropriate

1  sector  should  inc lude

in the marketing chain and

described above,  these

supply and demand

funct ions  at  the  ex -vesse l  market  leve l . This procedure requires the
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estimation of a sector demand curve which includes as arguments the ex-vessel

price and the important exogenous factors which affect producers and

consumers higher up the marketing chain. I f  such  a  curve  i s  success fu l ly

estimated, then the change in the consumer surplus triangle to the left  of

th is  sector  demand curve  wi l l  capture  the  sum o f  the  wel fare  e f fec ts  o f  a l l

middlemen, retailers and consumers. The  condi t ion  for  th is  to  be  t rue  i s

that the salmon supplied in the ex-vessel market be an essential input in the

production of the salmon product which is passed up the marketing chain.

The  est imat ion  o f  ex -vesse l  supply  i s  l ike ly  to  be  more  d i f f i cu l t  because

o f  insuf f i c ient  in format ion  about  vesse l  costs  and  the  e f fec t  an  increase  in

salmon runs would have on the supply schedule. For this reason, we emphasize

the importance of some detailed work of the sort which has been undertaken in

the New England groundfish industry and the Gulf shrimp fishery where budget

simulators have been developed. S ince  a l l  the  benef i ts  accruing  to  the

commercial sector from enhanced salmon runs will  be induced by shifts in the

ex-vesse l  supply  curve , the relationship between stock size and supply is

c r i t i c a l .

The following outline describes the tasks which need to be accomplished

to  obta in  commerc ia l  sector  benef i ts :

1. Deve lop  suf f i c ient  in format ion  on  the  cost  s tructure  o f  o f f shore

salmon fishing firms and the constraints which these firms face so

that  i t  can  be  determined  whether  a  s igni f i cant  re lat ionship  i s

l ikely to exist between the quantity supplied on the one hand and

price and size of  salmon runs on the other.

2. Identify exogenous factors which affect middlemen, retailers and

final consumers in their demand for salmon.

3. Simultaneously estimate the ex-vessel supply and sector demand

funct ions .

4. Determine from hypothetical shifts of  the supply function the

resulting welfare changes for f ishermen and the remainder of  the

marketing chain.
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The Recreational Sector

There are two potentially useful methods for determining the benefits or

losses  to  recreat ionists  f rom changes  in  sa lmon stocks .  The  s trength  o f  the

market -or iented  methods  l i es  in  the ir  ab i l i ty  to  predic t  how people  wi l l

behave based on how they actually do behave. Researchers thus do not have to

re ly  on  “hypothet i ca l ” responses  but  can  use  rea l - l i f e  s i tuat ions  where

factors such as time and income may actually constrain the individual ’s

responses. The general travel cost approach uses analogy for prediction.

That  is , how individuals behaved in one situation can be used to predict how

they will  behave in another. Once behavioral models are estimated, welfare

measures associated with price or quality changes can be derived.

Hypothetical valuation is useful in that the “analogy” approach can be

avo ided  (part i cu lar ly  when c lose  analog ies  do  not  ex is t ) .  Quest ions  can  be

posed to an individual which exactly specify the changes which are expected.

The individual can therefore give hypothetical answers in response to

descr ipt ions  o f  proposed  changes .  Unfortunate ly ,  the ir  va luat ions  wi l l  be

hypothetical as well  and can diverge from the valuations implied by their

actual  behavior , should the hypothetical situation become an actuality. The

l i terature  on  the  degree  o f  d ivergence  i s  mixed .  No  “convent ional  wisdom”

has emerged on whether hypothetical valuation is a legitimate method for

est imat ing  benef i ts .

We think that the behavioral approach is the most fruitful way to

estimate the demand for access to salmon fishing. While the behavioral

approach may have only slightly better acceptance among researchers doing

benefit  assessment, it  has several advantages.  First,  the behavioral method

is more similar to methods used elsewhere in economics. Economists having no

interest in calculating consumer surplus are nonetheless well  acquainted with

estimating demand functions. Second, the behavioral approach is consistent

with the way economists reason. Knowing the behavioral l inks allows

assessment  o f  the  resul ts ’  p laus ib i l i ty . And as our review has shown, there

is considerable experience with behavior-based models.  This experience
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perta ins  not  on ly  to  the  est imat ion  o f  models ,  but  a lso  to  the  des ign  o f

samples.

Behavioral models need a focus of  effort.  There are several basic

relationships which need to be estimated for the models of  salmon angling to

fulfi l l  their role in measuring the effect of  management actions and salmon

s t o c k  d e n s i t i e s .  In addition to the several problems of  aggregation,

va luat ion  o f  t ime, and s i te  subst i tut ion , the research approach should handle

the effects of  management actions such as bag limits and stock densities on

part i c ipat ion  and the  leve l  o f  t r ips  by  indiv idual  anglers .  Whi le  the  f ina l

details of  model construction and sample design depend on a considerable

knowledge of  the details of  ocean salmon fishing around the Columbia River,

the  fo l lowing  p lan  may be  a  log ica l  s tart ing  po int .

1) The recreationist is modeled as choosing to f ish among different

s i tes  and  d i f ferent  parts  o f  the  sa lmon run.  The multiple

season /mult ip le  s i te  spec i f i cat ion  a l lows  catch  rates  to  vary  and

permits the estimation of  the effect of  catch rates on the demand

f o r  t r i p s .  The precise nature of  the model will  depend on the

configuration of  the data (how many sites and seasons are reasonable

a l ternat ives  for  the  recreat ionis ts  to  choose  among) .

2) The most appropriate sample design is a two-part sample:

a) f ie ld  or  intercept  survey .  This part would gather information

o n  t r i p  l e v e l s ,  t r a v e l , fee and equipment costs, expected and

actual  catch ,  t ravel  t ime, and other information about

indiv idual  anglers .  The sampling unit should be the

representative angler.

b)  a random phone survey of  the general population:  This part

would gather information about participation decisions,  and

would permit the estimation of  the number of  anglers as a

funct ion  o f  sa lmon dens i t ies .  The sampling unit would be the

representative household.

3) This sampling plan should be implemented with the punch card system

firmly in mind. Both  cross -sect ional  and  time-series data  f rom the
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punch cards can be used in estimating behavioral responses to

increased catches.

The Long-Run

The above procedures will  provide good estimates of  short run benefits,

but these cannot be extrapolated into the future without knowledge of  (1)  the

dynamic bioeconomic relationships and (2) f isheries management policies.

Increased salmon runs will  induce changes in the behavior of  both

recreational and commercial f ishermen which will  have implications for the

long-run leve ls  o f  s tocks .  Of major interest is whether new commercial

f i shermen and recreat ionis ts  wi l l  be  induced  to  enter  the  f i shery .  Of

course, management regimes can alter those implications and it  is critical

that assumptions about management policies be made explicit when estimating

long-run wel fare  e f fec ts .

While dynamic bioeconomic models have been applied to fishery management

problems, they have been absent from welfare analysis.  Treatment of  the long-

run welfare implications, taking account of stock dynamics,  would be a

valuable and pathbreaking contribution.
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ENDNOTES

1. The measure is unambiguous in the sense that there always exists a unique

answer no matter what pattern of price changes is proposed. However,

there are really two relevant measures here:  “wi l l ingness - to -pay”  and

“willingness-to-accept payment”, and these are expected to differ in most

circumstances. Which measure is “appropriate” depends on the type of

policy action contemplated and on whether the individual has the “right”

to  h is  in i t ia l  l eve l  o f  sat is fact ion  or  to  that  which  he  would  obta in

af ter  the  po l i cy  change .

2. Compensated and ordinary demand curves differ in the way in which they

are  constructed .  An ordinary demand curve reflects the quantities an

individual would choose to purchase at various prices,  assuming his

income and other prices remain constant. A compensated demand curve

re f lec ts  quant i ty  demanded at  each  pr ice  g iven  that  the  indiv idual ’ s

income is “adjusted” so that,  as prices change, he remains at the same

l e v e l  o f  u t i l i t y .

3. This, o f  course , ignores such concepts as existence value.  See

Rahmatian, 1979, for example.
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Chapter 4

Determination of Economic Impacts

INTRODUCTION

Up unt i l  th is  po int , the  benef i ts  assoc iated  wi th  dec is ions  re lated  to

Columbia River f ishery stocks have been discussed at a highly aggregated

l e v e l . Analyt i ca l  approaches  to  est imat ing  these  aggregate  benef i ts ,  such  as

the techniques presented in the previous chapter,  have attempted to assess

the  sum tota l  o f  the  d irect  economic  benef i ts  that  var ious  dec is ions  and

act ions  imply , regardless  o f  how the  benef i ts  and  costs  are  d is tr ibuted .

However, such approaches may paint only partial  pictures of  the economic

impacts  o f  a  dec is ion . Numerous secondary benefits may be realized by

act iv i t ies  which  e i ther  prov ide  inputs  to  or  use  the  outputs  o f  the

commerc ia l  or  recreat ional  f i sh ing  sectors . For example, a  large  increase  in

the number of recreational f ishermen that visit  a harbor town may increase

the  sa les  o f  the  restaurants  in  that  town. Furthermore, an aggregate

approach usually fails to investigate the income and employment impacts that

states ,  loca l  communit ies , or  spec i f i c  groups  o f  indiv iduals  may exper ience .

Decisions which may appear to yield positive economic benefits on an

aggregated  nat ional  l eve l ,  f or  example , c o u l d  a f f e c t  s p e c i f i c  l o c a l

communities or groups negatively,  and vice-versa.

Researchers have developed techniques to address these secondary and

disaggregated impacts, in an attempt to present more complete economic

analyses . However, such analyses of  the secondary and disaggregated impacts

(o f ten  re ferred  to  co l lec t ive ly  as  reg ional  economic  impacts )  prov ide  no

i n d i c a t i o n  o f  t h e  d e s i r a b i l i t y  o f  t h e  c h a n g e s . Rather, the decision makers

must determine what is beneficial  and what is undesirable. The impact

analysis for example, may show how, as  a  resul t  o f  reduc ing  sa lmon harvest ,

o ther  industr ies , reg ional  income and the  labor  force  would  be  a f fec ted .

There  i s  no  cr i ter ion  however ,  such  as  a  benef i t - cost  rat io ,  which
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establishes whether the policy should be adopted according to economic

e f f i c i e n c y  o r  o t h e r  g o a l s . Instead, the  analys is  mere ly  descr ibes  the

reg ional  e f fec ts  o f  the  change .

Nonetheless, i t  appears  des irable  to  inc lude  reg ional  impacts  in  th is

Phase II study of ocean fisheries management. Local communities or regions

which  bear  a  d isproport ionate  share  o f  the  costs  or  obta in  a  d isproport ionate

share  o f  the  ga ins  c lear ly  may be  voca l  in  the ir  oppos i t ion  to  or  support  o f

a  p a r t i c u l a r  d e c i s i o n  i n  r e g a r d  t o  f i s h e r y  s t o c k s . A decision which appears

to  be  economica l ly  e f f i c ient  in  a  broad  context  may impact  a  reg ion  so

severe ly  as  to  make  the  dec is ion  po l i t i ca l ly  in feas ib le  or  quest ionable  on

equity grounds. Whi le  reg ional  impact  s tudies  cannot  subst i tute  for

decision-making, they can serve with the models in the previous chapter as a

t o o l  t o  h e l p  i n  t h e  e v a l u a t i o n  o f  a l t e r n a t i v e s .

GENERAL MODEL STRUCTURE AND ALTERNATIVE APPROACHES

The foundation of  regional economic impact studies involves analyses that

re late  output  o f  industr ies  in  the  area  or  reg ion  in  quest ion  with  inputs

needed to produce the output. The  use  o f  th is  in format ion  permits  the

determinat ion  o f  how a l l  outputs  and  inputs  wi l l  be  e f fec ted  by  a  change  in

one output. The  tota l  e f fec t  o f  the  change  a f ter  the  ad justments  take  p lace

can be determined for such measures as value of  output,  income level,  and

labor requirements.

The process for determining regional economic impacts is well

establ i shed . Measurement of the impacts can be made through economic base

methods, input-output models, and the adaptation of  input-output models to

inc lude  econometr ic  funct ions  (Proctor ;  Scot t ;  Nelson  and Bender ) . Scott has

prov ided  an  exce l lent  descr ipt ion  o f  the  d i f ferences  among the  genera l  types

of analyses that might be carried out when measuring regional economic

impacts, although as Nelson and Bender note the advantages and disadvantages

o f  the  a l ternat ive  approaches  are  not  wel l  understood .
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The economic base method describes the overall  economy at one point in

time. This method assumes that the pattern of purchases,  productivity,  and

all  other relationships among industry sectors remains the same over the

p e r i o d  o f  a n a l y s i s , whether  economic  act iv i ty  i s  increas ing  or  decreas ing .

For these reasons the economic base method is best applied to small  changes

in an economy with a relatively stable economic base mix.

Input-output models in their broadest sense show the mix of  factors

needed to produce various goods, for  a  g iven  leve l  o f  technology  and  f ixed

p r i c e s . They  have  a  h igh  leve l  o f  industr ia l  d isaggregat ion  with  l inking

coe f f i c ients  that  spec i fy  the  amount  one  industr ia l  sector  buys  f rom or  se l l s

to  each  other  sector  at  some g iven  po int  in  t ime. General ly ,  these

coefficients are expressed as the amount purchased from or sold to another

s e c t o r  p e r  d o l l a r  o f  o u t p u t . The advantage of  input-output models l ies in

t h e i r  a b i l i t y  t o  t r a c e  c h a n g e s  i n  t h e  a c t i v i t i e s  o f  a  s e c t o r  t h a t  a r e  c a u s e d

by  some in i t ia l  change  in  any  one  o f  the  other  sectors  to  which  i t  i s  l inked .

Economies with highly interdependent sectors will  produce large changes in

total regional output as the economic base changes.

Despi te  the ir  promise , input-output model have several weaknesses which

may limit their usefulness in a study of ocean fisheries management. F i r s t ,

they require a large amount of  data to construct. For regions such as the

Columbia River Basin, much of  this needed data has not been collected,  so

expensive primary-data surveys may be required to collect enough information

to build an input-output model. One possible way to avoid such an expensive

survey may be to use readily available secondary data and techniques to

massage  th is  data ,  but  th is  obv ious ly  can  introduce  problems o f  poor -qual i ty

data.

A second, s e r i o u s  p o t e n t i a l  l i m i t a t i o n  i s  t h a t  i n p u t - o u t p u t  r e l a t i o n s h i p s

may change over time as the economy of a region changes due to technological

advances or other reasons. However, t h e  c o e f f i c i e n t s  o f  t h e s e  s i m p l i f i e d

models  are  usual ly  not  a l tered  dur ing  an  analys is .  There fore ,  a l though the

models may be well-suited for short-run analyses when small increments in
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f inal demand are being considered, they  may encounter  d i f f i cu l t ies  with  long-

run analyses. Unfortunately,  i t  i s  the  long-run which  i s  re levant  to  sa lmon

fisheries management decisions.

Third, most basic input-output models treat personal consumer

expenditures ,  l oca l  government  act iv i t ies ,  investment ,  and  exports  as

exogenous. In  rea l i ty ,  however , many o f  these  var iab le  are  re lated  to  the

earnings  generated  by  the  industr ia l  output .  Furthermore, investment cannot

be  predetermined  because  i t  i s  re lated  to  output  through the  b io logy  o f  the

s t o c k s  a n d  t h e  y i e l d - e f f o r t  f u n c t i o n s .  Addi t ional ly ,  the reason exports such

as  sa lmon ex is t  i s  because  o f  the  ex is tence  o f  industry  output .  In  short ,

many of the exogenous variables are directly determined by the sectors

represented in the input-output model.

More extensive models can make personal consumer expenditures and local

government expenditures endogenous in input-output models by augmenting the

inter-industry matrix to include these expenditures as an extra column and

adding a corresponding additional income row. However, this procedure

encounters  the  a forement ioned  prob lem o f  f ixed  coe f f i c ients  and ,  most

importantly,  a f ixed relationship between imported goods and locally produced

goods.  I t  i s  n o t  r e a l i s t i c  t o  e x p e c t  t h e  i n p u t s  t o  r e m a i n  i n  f i x e d

proport ions  over  t ime.  I n  f a c t , i f  a  new industry  locates  in  a  reg ion ,  a

c h a n g e  w i l l  t a k e  p l a c e  i n  a l l  t h e  r e g i o n a l  i n p u t  c o e f f i c i e n t s  t h a t  d e f i n e  t h e

re lat ionships  among loca l  industr ies .  Technica l  input  coe f f i c ients  may

remain  fa ir ly  s table  for  short  t ime per iods  but  for  long  term forecast ing  i t

is necessary to allow them to change. Trade  coe f f i c ients  are  even  less

stable  over  t ime, since trade flows are a consequence of  supply,  demand and

transportat ion  costs .

A combined econometric/ input-output model could attack some of these

limitations and yield improved estimates of  the changes in the value added to

a  reg ion .  (See  Scot t  f or  addi t ional  d iscuss ion  o f  the  advantages  o f  the

econometric approach).  For example, suppose management decisions caused the

salmon fishermen to become unemployed permanently. Income generated in the
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reg ion  would  fa l l , creating a chain of  events which would decrease economic

a c t i v i t y  i n  a l l  o t h e r  s e c t o r s  o f  t h e  e c o n o m y .  An econometric model could

produce estimates of  the decrease in f ishing employment and income, and the

input -output  model  es t imates  o f  the  resul ts  f rom the  chain  o f  events .  An

al ternat ive  scenar io  i s  that  the  in i t ia l  unemployment  o f  sa lmon f i shermen

would  generate  a  new industry  ( i . e . , non-sa lmon f i sh ing  enterpr ises )  or  that

the unemployment would be distributed among the other sectors in the region.

Again, an econometric approach could estimate the fishing unemployment and

predict the employment that each new or established industry could pick up,

as  wel l  as  assess  the  s tructural  sh i f ts  that  may take  p lace  in  the  f i sh ing

and non- f i sh ing  sectors .  The input-output model could examine the secondary

impacts  o f  th is  a l tered  economic  s tructure .

ESTIMATING THE SECONDARY IMPACTS IN THE COLUMBIA RIVER BASIN

A number of  authors have suggested that the most fruitful approach for

est imat ing  the  secondary  impacts  in  s i tuat ions  s imi lar  to  the  one  descr ibed

in  th is  research  e f for t  may l ie  in  the  mixed  econometr ic / input -output

technique described above.  I n  p a r t i c u l a r , the combined use of  input-output

tables , which have been regionalized with a program such as IMPLAN (U.S.

Forest Service) or INFORM (Almon, University of  Maryland),  and localized

analys is  may ut i l i ze  the  s trengths  and s idestep  some o f  the  l imitat ions  o f

input-output models.  (Harris and Norton; Radtke and Jensen)

In  a  s tudy  that  i s  re levant  to  the  ocean f i sher ies  work  here ,  Norton ,

Strand and Smith applied the combined Almon national model and the Harris

mult i - reg ional ,  multi- industry forecasting model and supplemented these with

substantial county-by-county information gathered through personal interviews

in  the  coasta l  count ies  f rom Maine  to  South Caro l ina .  The  pr inc ip le  dr iv ing

force  in  the  Harr is  model  i s  a  set  o f  industry  locat ion  equat ions  that

explain changes in output by region (such as by county).  The explanatory

var iables  are :
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1)  part ia l  measures  o f  l ocat ion  rent , which account for the marginal

transportat ion  costs  o f  sh ipping  goods  out  o f  each  reg ion

2)  the  marginal  t ransportat ion  cost  o f  obta in ing  inputs  at  the  p lace  o f

production

3 )  t h e  c o s t  o f  l a b o r

4)  the  va lue  o f  land  or  the  r ight  to  use  the  resources

5)  pr ior  investment

6)  pr ior  product ion

7) demand

8 )  i n p u t  s c a r c i t y

Once industry output by region is determined, related variables such as

investment, employment and earnings can be estimated. The model forecasts

equipment purchases by industry and construction expenditures by type of

construct ion . The  model  a lso  inc ludes  a  set  o f  soc io -economic

character is t i cs  that  determine  populat ion  shi f ts ,  personal  income,  and

personal consumption expenditures. T h e s e  r e f l e c t  t h e  l o c a t i o n  d e c i s i o n s  o f

indiv iduals .

A study by Radtke and Jensen on the economic impacts of West Coast

f i sh ing  act iv i t ies  a lso  has  used  th is  reg ional ized  econometr ic / input -output

approach. They report:

The model developed for this assessment study util izes one of  the best

known secondary  input /output  models  avai lab le .  The  U.S .  Forest  Serv ice

has developed a computer program called IMPLAN which can be used to

construct  county  or  mult i - county  I /O models  for  any  reg ion  in  the  U.S .

The regional I /O models used by the Forest Service are derived from

technica l  coe f f i c ients  o f  a  nat ional  I /O  model  and  loca l ized  est imates  o f

tota l  gross  outputs  by  sectors . The computer program (IMPLAN) adjusts

the  nat ional  l eve l  data  to  f i t  the  economic  compos i t ion  and  est imated

trade  ba lance  o f  a  chosen  reg ion .
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The IMPLAN data base consists of two major parts: 1 )  e s t i m a t e s  o f  f i n a l

demand, f inal payments,  gross output and employment for 466 industrial

s e c t o r s ; and 2 )  a  nat ional - leve l  technology  matr ix .  .  .  .  Compared  to  the

development of  survey data models, the IMPLAN system is very inexpensive

to use.

The IMPLAN model ’s f ish harvesting and fish processing sector was

deve loped  for  d i rect  use  in  th is  appl i cat ion .  A  major  prob lem with  the

f i sh  harvest ing  sector  i s  that  many o f  the  f i shermen are  se l f -employed

and there fore  not  counted  in  the  labor  s tat is t i cs . The  f i sh  process ing

sector  i s  de f ined  by  nat ional  process ing  Standard  Industr ia l  Code  (SIC)

c lass i f i cat ions  which  may be  out -o f -date  and which  do  not  f i t  the  smal l

coasta l  processor  very  wel l .

T h e  s o l u t i o n ,  i n  t h i s  c a s e , is to accept the IMPLAN model as an

analyt i ca l  descr ipt ion  o f  a  loca l  economy and to  custom des ign  the

purchase  requirements  for  any  seafood  industry  be ing  invest igated .  This

a l lows  for  spec i f i c  assumpt ions  concerning  the  industry  to  be  introduced

into the model. The  resul t ing  coe f f i c ients  are  then  used  to  est imate  the

impacts  o f  f i sh ing  industry  act iv i t ies  on  the  loca l  economy.

The I/O model therefore becomes a tool  whereby the local industry and

loca l  condi t ions  can  be  s imulated . Spec i f i c  revenues ,  expendi tures ,  or

behavioral assumptions can be changed as conditions change. The

resul t ing  coe f f i c ients  wi l l  change  as  wi l l  to ta l  es t imated  impact  on  the

economy.

This  i s  substant ia l ly  d i f ferent  f rom the  usual  approach  whereby  certa in

‘ c o e f f i c i e n t s ’  o r  ‘ m u l t i p l i e r s ’ are  presented  for  cer ta in  industr ies

without  customiz ing  the  data  for  key  sectors  to  f i t  l oca l  condi t ions  or

changing behavioral assumptions.
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The authors  a lso  prov ide  an  exce l lent  d iscuss ion  on  the  necess i ty  o f

c l a r i f y i n g  t h e  r e p o r t e d  m u l t i p l i e r s . They conclude that the income

coef f i c ient  i s  the  most  use fu l  among the  var ious  mult ip l iers . However,  it

p r o b a b l y  i s  i m p o r t a n t  t o  r e p o r t  a l l  m u l t i p l i e r s ,  s i n c e  t h i s  p r o v i d e s  t h e

opportunity for users of  the research results to examine and compare the

alternative measures of  generated economic impacts. S c o t t , for example,

po ints  out  the  necess i ty  o f  care fu l ly  report ing  the  mult ip l iers  and  indicates

that the meaning of  the multiplier depends on whether an economic base,  an

input -output , or an econometric model is used. He states:

In summary, the  economic  ‘mult ip l ier ’ der ived  in  a  part i cu lar  s tudy

depends on: 1) the type of  economic change, size of  the change and

duration of  the change; 2)  the type and size of  the economy for which the

m u l t i p l i e r  i s  c a l c u l a t e d ; 3) the type of  economic effects subsumed in the

m u l t i p l i e r  ( e . g . , inter - industry  purchases ,  investment  e f fec ts ) ;  and

4) the period of  time over which the economic impacts are allowed to work

themselves out. T h e  ‘ m u l t i p l i e r ’ or  predic t ion  o f  secondary  economic

impact  has  no  meaning  unless  the  context  i s  spec i f ied  to  incorporate  the

four dimensions described above. Managers should be very cautious in

interpreting or applying any analysis of  secondary economic impact which

d o e s  n o t  s p e c i f y  t h i s  c o n t e x t .

A  f ina l  cons iderat ion  in  the  proposed  secondary  impact  analys is  centers

around the distributional consequences of  any management decision. I t  i s

important to know which groups (e.g. income groups) bear the brunt of  the

costs  o f  a  part i cu lar  po l i cy  and which  groups  benef i t . Low-income groups,

for example, may be more susceptible to some types of  economic impacts

resulting from particular management decisions. In some cases, they may make

up a  large  share  o f  a  work  force  that  potent ia l ly  wi l l  be  d isp laced ,  be  less

able to f ind alternative employment, and have a smaller cushion against

economic hardship.
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R o s e ,  e t .  a l . , have  added  substant ia l ly  to  the  l i terature  on  the  genera l

s u b j e c t  o f  m e a s u r i n g  t h e  d i s t r i b u t i o n a l  e f f e c t s  o f  n a t u r a l  r e s o u r c e  p o l i c i e s .

Their  s tudy  o f  the  impacts  assoc iated  with  a  dec is ion  to  increase  mining

act iv i t ies  t races  through the  potent ia l  employment ,  income,  and

distr ibut ional  e f fec ts  o f  implement ing  such  a  dec is ion ,  and  analyzes  how such

potent ia l  e f fec ts  may trans late  into  po l i t i ca l  pressure  on  dec is ion-makers .

Such an approach seems warranted in a study of the impacts associated with

ocean fishery management decisions in the Pacific Northwest,  and should be

included in such a study.
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ADDENDUM I

An Approach to Phase III Studies

The modeling approach and the related methodologies discussed in this

volume are designed to provide the framework for a comprehensive economic

study of the Pacific Northwest ocean salmon fisheries. Resul ts  o f  the

analysis can be presented in a variety of  ways. Most  sa l ient  for  purposes  o f

the  s imulat ion  and cost  e f fec t iveness  model ing ,  d iscussed  in  Volume I I ,  i s

the  opportuni ty  cost  o f  more  e f fec t ive  ocean f i shery  regulat ion  as  a

mitigation alternative for increasing upstream runs.

There have been many economic studies of the Pacific Northwest salmon

f isher ies  that  t reat  wi th  port ions  o f  the  research  proposed  here . These

include studies of  demand for commercial products,  demand for recreational

f i sh ,  vesse l  costs  and earnings , economic impact and numerous policy issues.

Most of  these are conceptually and empirically sound. Unfortunately,

however, these studies have been somewhat ad hoc and uncoordinated in nature.

While they have been useful in addressing specific  issues,  they have yielded

l i t t le  in  terms o f  overa l l  po l i cy  analys is  regarding  the  ocean f i sher ies

along the coasts of  the states and British Columbia. This may reflect what

seems to  be  re luctance  on  the  part  o f  agenc ies  to  fund large -sca le  research

pro jects  in  the  area  o f  f i sher ies  economics . These agencies,  however,  have

spent, over the years,  hundreds of  thousands and perhaps mill ions of  dollars

on  smal l  pro jects .

An example of  the type of  coordination that may be useful is  a study that

was  conducted  to  address  certa in  po l i cy  i ssues  regarding  s tr iped  bass .  In

this  instance , the Agricultural Experiment Stations and the Sea Grant

programs o f  the  Univers i ty  o f  Connect i cut ,  Cornel l  Univers i ty ,  Univers i ty  o f

Maryland, and North Carolina State University cooperated with the U.S.

Department of  the Interior,  Fish and Wildlife Service,  U.S. Department of

Commerce, National Marine Fisheries, the National Sea Grant Office and

severa l  s tate  f i sher ies  agenc ies . These groups jointly funded and carried out
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a region-wide economics study of the implications of  alternative management

decisions on the values and impacts, and the distribution of  these values and

impacts among states.

Economic studies of  the Columbia-based ocean fisheries could be

approached in a similar manner. This  should  inc lude  the  univers i t ies ,

federa l  and  s tate  agenc ies , the Pacific Fisheries Management Council ,  and if

possible,  Canadian universities and agencies.

To successfully establish and coordinate such a study would be a task of

major proportions. It  would necessarily be a lengthy and expensive process.

Core funding by an agency such as BPA would probably be a major factor

permitting the success of  such an enterprise.

I I I -A-2



ADDENDUM II

Individuals Contacted for Information

Seatt le

Dr. Gene Kruse, Deputy Director

NMFS Northwest Region

Dr. Richard Thompson, Chief

Recreat ional  F isher ies  Div is ion

NMFS Northwest Region

Dr. Kenneth Henry

Salmon Fishery Management

Development Team

NMFS Northwest Region

Olympia

Mr.  Bi l l  Zook

F i s h e r i e s  B i o l o g i s t

Washington Dept.  of  Fisheries

Mr. Dale Ward, Head

Fisher ies  Stat is t i cs  Program

Washington Dept.  of  Fisheries

Dr. Harvey Hutchings,  Chief

Resource Management Division

NMFS Northwest Region

Mr. John Bishop, Chief

F i s h e r i e s  S t a t i s t i c s  D i v i s i o n

NMFS Northwest Region

Dr. Wes Ebel,  Chief

Fish Passage Research Program

NMFS Northwest Region

Mr. Jim Packer

Computer Modeling Program

Resource Assessment Division

Washington Dept of  Fisheries

Mr. Pat Patillo,  Head

Harvest Management Program

Washington Dept.  of  Fisheries
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Portland

Dr. Chris Carter,  Economist

Fisheries Management Program

Oregon Department of Fisheries

Ms. Dorothy Lowman,  Economist

Pac i f i c  Regional  F isher ies

Management Council

Dr. Dale Evans, Chief

Environmental and Technical

Serv ices  Div is ion

NMFS North West Region

Mr. John Coon, Biologist

Pac i f i c  Regional  F isher ies

Management Council

Dr. Hans Radtke, Economist

Private Consultant in Natural

Resource Economics

Dr. Jack Richards, Economist

Environmental and Technical

Serv ices  Div is ion

NMFS Northwest Region

Dr. Stan Detering Systems

Integration Branch

Fish and Wildlife Power

Bonneville Power

Oregon State Universiity

Dr. William Brown, Professor Dr. Richard Johnston, Professor

Department of Agricultural Department of Agricultural

and Resource Economics and Resource Economics

MEETINGS WITH INDIVIDUALS IN WASHINGTON D.C.

Mr. Richard Surdi, Economist

Fisheries Management Division

NMFS

Mr. Robert Ford, International

A f f a i r s  S p e c i a l i s t

Internat ional  Organizat ions  and

Agreements Division. NMFS
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Mr. Mort Miller,  Economist

Office of  Data and Information

NMFS

Mr. Douglas Lipton, Economist

Office of  Data and Information

NMFS

Dr. Fred Johnson, Chief

Mathematical Analysis Division

National Bureau of Standards

INDIVIDUALS CONTACTED BY TELEPHONE

Dr. Stan Wang, Economist Mr. Milan Kravajna, International

NMFS Northeast Regional Office A f f a i r s  S p e c i a l i s t

Gloucester, MA Off i ce  o f  Internat ional  Program

(Formerly with Oregon State U.) NMFS, Washington, D.C.

Dr. Richard Marasco, Economist

Northwest and Alaska Fisheries

Center, NMFS

Dr. Dan Huppert, Economist

Southwest Fisheries Center, NMFS

La Jolla,  CA.

Mr. Ed. Ueber, Economist

Tiburon Biological Laboratory, NMFS

Tiburon, CA.
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